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Abstract 
This thesis focuses on the characteristics of motion-induced wake flow and 
their influence on contaminant transport in interior spaces. The motion of ob-
jects such as human bodies would generate wake regions that exhibit highly 
complicated airflow characteristics. Consequently, it affects the air quality by 
inducing contaminant transport in interior environments such as manufactur-
ing, hospital wards, clean rooms and airline cabin etc., where occupants’ ex-
posure to airborne contaminants are of concern. 
A growing number of Computational Fluid Dynamics (CFD) studies investi-
gated the motion-induced wake dynamics and its integration with particle 
modelling for air quality assessments. Although CFD with dynamic mesh im-
proves the modelling capability to capture transient effects of motion-induced 
flow, some characteristics of the dynamic wake induced by the motion that is 
modelled remain unclear. For example, there are differences in flow field be-
tween moving rigid body motion and that of realistic human gait cycles, as 
well as the heat transfer leading to thermal plumes from the human body dur-
ing the walking and after stopping. Addressing the airflow disturbances from 
motion is important for understanding the exposure to airborne contaminants 
which can be prevalent in indoor environments. On the other hand, flow 
measurements of moving bodies present significant challenges due to setup, 
large scales, and their dynamic nature. To date little experimental work has 
been performed to reproduce and visualise the wake flow induced by a moving 
object, partly due to the challenges in flow visualisation techniques for cap-
turing dynamic flow fields (as opposed to traditional steady state flows).  
The main body of this thesis is composed of nine chapters: 
In the first two chapters, a research background and a comprehensive litera-
ture review are summarised with highlighted research gaps found in the ex-
isting literature followed by the research methodology in Chapter 3. Main re-
search contributions are demonstrated from Chapters 4 to 8. In Chapter 4, the 
wake flow generated by the motion of a rigid manikin and its influence on 
particle re-dispersion from a local source on the ground was investigated by 
performing CFD simulations of a moving manikin model in a confined room. 
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Chapter 5 presents the determination of discrepancies produced in the wake 
flow field by a simplified geometry in the form of a cylinder and a man-shaped 
manikin. Manikin motion with and without swinging limbs and heat transfer 
from the body were also examined. This part (Chapter 5) identifies the major 
flow characteristics due to geometry, moving schemes and thermal plume. 
Subsequently the simulation of particle dispersion from the ﬂoor and its re-
dispersion is presented using an anthropomorphic manikin modelled with re-
alistic walking motion and thermal eﬀects under three different walking 
speeds in Chapter 6. Chapter 7 discusses the wake structures measured from 
smoke visualisation for three different shaped manikins (slim and larger, 
standing and walking poses). Qualitative understanding of the gross flow field, 
captured separation points and vortex shedding phenomena were obtained 
from the experiments. Chapter 8 presents CFD simulations of airflow induced 
by the same manikins used in the smoke visualisation, and the CFD modellings 
were validate using the experimental data by comparing the gross flow field, 
separation points over the head and vortex structures. All the contributions 
are concluded and highlighted in Chapter 9.  
In summary, this thesis presents an investigation of the influence of motion-
induced flow on contaminant re-dispersion and transport in interior spaces. 
Experimental measurements were conducted to provide qualitative insight 
into the wake formation and vortex structures. The research contributes to the 
following outcomes:  
(a) The experimental and numerical study provided meaningful data for un-
derstanding the spatial and temporal characteristics on the wake flow devel-
opment of different shaped moving manikins. The CFD modelling identified 
the major discrepancies produced in the wake flow field due to geometry, 
moving schemes and thermal plume. 
(b) The smoke visualisation technique on moving anthropomorphic manikins 
reproduced the motion-generated wake and provided a new perspective on 
visualisation of the dynamic wake structure;  
(c) The CFD modelling revealed details of the flow field and provided reason-
ably good agreement with the experimental observations in the wake region, 
which can help identify the transport of pollutants from and around moving 
bodies and predict occupant exposure to contaminants;  
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The computational and experimental studies presented in this thesis lay a sol-
id foundation to the investigation of airﬂow characteristics and vortex struc-
tures induced by realistic body motion. Also, they provide a comprehensive 
understanding of the eﬀects of occupant activity on particle exposure and in-
door air quality.  
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Introduction 
 Motivation 
A human activity pattern survey (Klepeis et al., 2001) showed that respondents 
(number of 9196) spent 86.9% of their time indoors and 5.5% in vehicles. With 
people spending most of their time in interior environments, the air quality in 
these environments has become a subject of serious concern. However, a large 
body of scientific evidence has indicated that the air within homes and other 
buildings can be more seriously polluted than the outdoor air in even the larg-
est and most industrialized cities (EPA, 2013). Due to the feature of enclosed 
spaces, they may entrap pollutants inside that have been seeped in from the 
outside or have been generated inside (Sterling and Kobayashi, 1977). Thus, 
for many people, the risks to health may be greater due to exposure to air 
pollution indoors than outdoors as poor indoor air quality can result in signif-
icant adverse impacts on occupants’ health and indoor environment. Short- 
and long-term exposure to air pollution has been associated with a wide range 
of human health effects (Ghorani-Azam et al., 2016). Particularly for interior 
spaces which were commonly associated with contaminant problems such as: 
public buildings, hospital wards, wood workshop, and airline cabins etc., 
where inhalation of and exposure to contaminants are of great concern. 
Among various types of indoor pollutants particulate matter (PM) constitute 
a major class. Particle re-suspension has been identified as a factor for indoor 
PM transport (Zhou et al., 2011) and this is particularly the case when human 
activity is considered (Oberoi et al., 2010, Inthavong et al., 2013b, Li et al., 2014a, 
Se et al., 2010, Gao and Niu, 2005). Occupants will inhale airborne particles if 
they become resuspended or ingest them if they are carried to the human 
mouth or to food. These types of particles create potential health hazards upon 
entering the human body. A number of health effects have been identified as 
being linked to exposure to airborne particles, including decreased lung func-
tion, increased respiratory symptoms such as coughing, shortness of breath, 
wheezing, and asthma attacks, as well as chronic obstructive pulmonary dis-
ease, cardiovascular diseases, and lung cancer (Morawska et al., 2003). 
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Studies focused on residential indoor air quality have been widely carried out. 
In the assessment of local contaminant concentrations, it is a well-known fact 
that the influence of movement is important. Human induced wake flow 
wields significant influence on particle dispersion and re-suspension particu-
larly in affecting exposure levels and particulate matter (PM) sampling read-
ings (Ferro et al., 2004, Mazumdar et al., 2011, Miguel et al., 2005, Inthavong et 
al., 2012b). For example, in  environments that demand cleanliness such as 
operation rooms, the effect of human activities may cause a high risk of bac-
terial transport from the nonclean zones to the patient’s wound (Memarzadeh, 
2003). However, when compared with the influence from mechanical ventila-
tion which has been widely investigated for interior environments, only rela-
tively little is known about the mechanisms of motion-induced airflow and the 
corresponding impact on the transport of contaminants (Brohus and Nielsen, 
1996, Yang and Sekhar, 2014, Brohus et al., 2006). Many earlier studies ad-
dressed this problem by using steady flow over a stationary manikin to repre-
sent the relative motion between occupants and the airflow, with focused on 
the thermal effects between the airflow and the thermal plume. However, un-
der that (steady flow) assumption the transport of pollutants from fixed loca-
tions cannot be correctly reflected. It was not until recent years with the de-
velopment of experimental techniques and advanced computational resources 
that more complicated motion of objects could be simulated, and the mecha-
nism of motion-induced wake could start to be revealed. 
Computer Fluid Dynamics (CFD) software is one of the most typical methods 
to investigate and evaluate airflow and air quality in indoor environments. 
Among the research methods, it is undoubtedly that actual measurement is 
the most reliable method to provide an accurate description for the indoor air 
quality; however, to carry out extensive parametric studies is expensive, time-
consuming, difficult and sometimes dangerous, and the level of detail is prac-
tically limited. Nowadays CFD technique is found in almost all the fields rang-
ing from medical research to engineering. It has the advantage of producing a 
great time and cost reduction, especially the possibility to generate different 
graphs and visualisations facilitates an understanding of the features of the 
results. So far many studies had proved the capability of CFD study in evalu-
ating the wind environment around bluff bodies (Heist et al., 2003, Murakami 
et al., 1999, Ono et al., 2008, Craven and Settles, 2006) and furthermore evalu-
ating the exposure to contaminants (Li et al., 2013, Carpentieri et al., 2011, Ge 
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et al., 2013). Recently a growing number of CFD studies started to focus on the 
influence of moving objects on pollutant transport achieved by the dynamic 
meshing technique (Hang et al., 2014, Poussou et al., 2010, Wu and Gao, 2014).  
As mentioned above, a major type of indoor pollutant is particulate matters. 
Hence the re-dispersion and transport of particles plays a significant role in 
indoor air quality assessment. In CFD simulations, two approaches are em-
ployed to simulate particulate transport in indoor spaces - the Eulerian model 
and the Lagrangian model. In the Eulerian model, the particle phase is treated 
as an additional continuous phase inter-penetrating with the continuous 
phase and two sets of conservation equations governing the mass, momentum 
and energy of each phase are solved; whereas In the Lagrangian model, the 
continuous phase is governed by the Eulerian equation and the particles are 
tracked using the Lagrangian method by solving the equation of motion sep-
arately through the continuous fluid field. Comparing to the Eulerian model, 
the Lagrangian model could comprehensively depict the particle transport and 
describe the particle movement from the releasing point to the destination. 
However, simulating particle dispersion with moving bodies is very challeng-
ing due to the extremely high computational demand for movement caused by 
mesh re-generation and coupled physical phenomena between particles and 
the fluid, as well as the fact that the location of particle source and indoor 
activity patterns greatly affect the transport mechanisms. Therefore, more 
fundamental investigations of motion-induced wake flow are in demand to 
reveal the influence of body motion on particle re-dispersion and transport.  
As a compromise, several affecting factors, especially human body related fac-
tors such as the shape of the body, the thermal effect, and the realistic move-
ment of limbs were simplified or eliminated in most previous studies to save 
the computational cost. For example, a number of studies used simplified ge-
ometry such as a cuboid or block instead of realistic shaped manikin; the man-
ikin motion was mostly considered rigid, whereas the swinging of limbs was 
barely applied due to high computational cost. Moreover, the thermal plume 
was considered negligible during the walking as the walking-induced wake 
was often assumed to be strong enough to overwhelm the thermal plume, but 
it remained unclear that when the occupant stopped moving, how influencing 
of the re-dominated thermal plume would be on the exposure to contaminates 
especially in the breathing region. With the research gaps identified, this 
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thesis aims to provide a comprehensive understanding of airﬂow characteris-
tics induced by body motion and the eﬀects of occupant activity on particle 
exposure and indoor air quality. 
 Objectives 
The aim of this study is to understand the fundamental fluid dynamics of the 
motion-induced wake flow and its influence on contaminant transport in in-
terior environments. The commercial CFD package ANSYS Fluent (v14.5) was 
used to simulate the airflow and contaminant dispersion. Smoke visualisation 
experiments were conducted to generate smoke from moving manikin bodies.  
The specific objectives of this thesis are:  
 To explore the range and strength of the flow field generated by mov-
ing bodies of different shapes, thermal conditions and types of motion 
by CFD simulations. 
 To experimentally capture the transient wake flow development using 
smoke produced through a chemical reaction and highspeed photog-
raphy, and to quantify the gross flow field by image post-processing. 
 To validate the approach of computational modelling method using 
dynamic mesh technique for moving objects in interior environments 
with the experimental data from the smoke visualisation.  
 To identify the impact of human-induced wake flow on particle re-dis-
persion from floors and the distribution of particle concentration in the 
flow domain, as well as occupant’s exposure to contaminants in the 
near body region. 
 Thesis Outline 
This thesis is composed of nine chapters. The topic of each chapter is outlined 
below: 
Chapter 2 provides a comprehensive literature review in relation to the ex-
isting studies on the bluff body wake and the motion-induced wake, including 
the experimental studies and the CFD studies. The recent and closely related 
investigations on flow over fixed bluff bodies and moving bodies are reviewed 
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and summarised. The existing simulation approaches to predict the particle 
transport induced by motion in indoor spaces are also reviewed and discussed. 
The reviewed literature lays a solid foundation for the research outcomes in 
the following chapters. 
Chapter 3 illustrates the detailed strategy and the applied methodologies in 
the following chapters. The computational modelling starts with a benchmark 
scenario of rigid motion and iso-thermal condition. After that, more compari-
sons are made between conditions such as different geometries, thermal con-
ditions and motion types. Particle tracking is also implemented. Accordingly, 
the computational methods of mesh generation, governing equations (Navier-
Stokes equations), turbulence modelling, discrete phase modelling and dy-
namic mesh are introduced, as well as the experimental method and setup of 
the smoke visualisation.  
Chapter 4 presents a simulation on an iso-thermal manikin with rigid motion 
and evaluates the motion induced re-dispersion of locally distributed particles 
on the ground. The Lagrangian model is employed to predict contaminants 
transport trajectories. The simulated flow field shows the fundamental flow 
patterns in the wake region. The particles on the floors are significantly dis-
turbed by the motion induced flow, thereby lifting off the ground and dispers-
ing into the ambient air. This chapter provides some insight into the flow and 
particle dynamics under a preliminary scenario, which is utilized as a bench-
mark case to be compared with later more realistic scenarios.  
Chapter 5 compares the generated flow patterns from simplified scenarios 
and realistic moving scenarios. Discrepancies in the wake flow field by a sim-
plified geometry in the form of a cylinder and a man-shaped manikin, motion 
with and without swinging limbs and thermal conditions of the body are de-
termined. This part identifies the major flow characteristics due to different 
body shapes, rigid motion versus swinging motion, iso-thermal versus thermal 
conditions. The outcomes prove that the type of motion and thermal plume 
effect plays a pivotal role on the contaminants transport during walking and 
after the manikin had stopped respectively.  
Chapter 6 subsequently discusses the particle dispersion from the ﬂoor and 
its re-dispersion by simulation using the anthropomorphic manikin modelled 
with realistic walking and swinging motion, with thermal eﬀects under three 
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different walking speeds. Particle suspension caused by human activity is in-
fluenced by the stratified airflow characteristics induced by the different body 
parts and their kinematics. The particle concentration comparison under dif-
ferent walking speeds shows the variation of the vertical transport of particles 
in front of the body and occupant’s exposure levels. 
Chapter 7 discusses the vortex structures measured from smoke visualisation 
for three different shaped manikins (slim/larger, standing/walking). A smoke 
visualisation technique is presented for visualising a moving object through a 
stagnant environment. High speed camera and image processing techniques 
are used to capture the generated smoke tracing the moving object, qualitative 
insight into the wake formation and its transformation during the manikin 
motion are presented.  
Chapter 8 continues unsteady CFD modellings with the same three different 
shaped models and uses the experimental data from the smoke visualisation 
to provide validation data for computational simulations. The vortex struc-
tures are visualised using an omega vortex identification method and are com-
pared with experimental visualisations. The location and main patterns of the 
vortex structures match with the smoke visualisation, which can help identify 
the transport of pollutants from and around the body during walking and com-
ing to a stop.  
Chapter 9 concludes and highlights all the conclusions and contributions.  
 Contribution 
In addition to the knowledge provided by previous researchers, this thesis con-
tributes to the following major outcomes: 
(a) The experimental and numerical study provided meaningful data for un-
derstanding the spatial and temporal characteristics on the wake flow devel-
opment of different shaped moving manikins. The CFD modelling identified 
the major discrepancies produced in the wake flow field due to geometry, 
moving schemes and thermal plume. 
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(b) The smoke visualisation technique on moving anthropomorphic manikins 
reproduced the motion-generated wake and provided a new perspective on 
visualisation of the dynamic wake structure;  
(c) The CFD modelling revealed details of the flow field and provided reason-
ably good agreement with the experimental observations in the wake region, 
which can help identify the transport of pollutants from and around moving 
bodies and predict occupant exposure to contaminants;  
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Literature Review  
 Human Influence on Pollutant Transport 
Human activity has significant influence on indoor airflow patterns due to 
wake flows and vortex shedding that disturb localised suspended particles 
(Flynn and Ljungqvist, 1995, Li et al., 2014a, Anthony and Flynn, 2006, Inthav-
ong et al., 2013c). Airborne contaminants that redispersed in the air, if inhaled,  
can lead to severe or fatal consequences in enclosed indoor environments e.g. 
surgery theatre (Brohus et al., 2006), clean rooms (Choi and Edwards, 
2008)(Choi and Edwards, 2012), and confined spaces such as airline cabins 
(Poussou et al., 2010, Mazumdar et al., 2011). Qian and Ferro (2008) demon-
strated the effects of human activity where ‘heavy and fast’ walking produced 
higher resuspension rates compared to less-active walking. Similarly studies 
investigated human interactions with floor type (You and Wan, 2015), dust 
type and contaminant concentration in dust loads (Gomes et al., 2007). Zhang 
et al. (2008) modelled the stepping motions of the foot, down and up and 
showed that shoe bottom roughness, foot size, walking velocity, background 
velocity as well as the foot stepping velocities, down and up, all affected par-
ticle resuspension rate from the floor as well as the corresponding particle 
concentrations in the indoor environment.  
Exposure level analysis were also conducted to address the influence from oc-
cupant activities. Licina et al. (2017) monitored human exposure/inhalation 
risks to spatially varying indoor emissions and found that the inhalation in-
take of particles from localized sources was considerably influenced by the 
source position, manikin thermal plume, and exposure duration.  They also 
pointed out that the well-mixed representation of an indoor environment 
could underestimate the inhalation intake by 40–90% for various localised in-
door emissions, and by up to 3 times for particles emitted from the human 
envelope. Keshavarz et al. (2017) simulated the effects of thermal plume, res-
piration and motion of the body on the indoor air quality in a ventilated cubi-
cle with the presence of a heated, breathing and rotating manikin. Their sim-
ulation results indicated that the rotation of the manikin significantly 
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distorted the thermal plume of the body and the associated transport of par-
ticulates. Furthermore, the rotation decreased the concentration of particles in 
the breathing zone of the manikin and the thermal plume generated by the 
body was distorted by the airflow of the mixing ventilation system. 
 Airflow Characteristics in the Wake  
 Studies on Airflow over Bluff Bodies 
The motion-induced wake exhibits fluid dynamics similarities to boundary 
layer separation of flows over wall-mounted finite bodies, where a mixing 
zone of vortices entraining air into a reverse flow region is formed (Flynn and 
Ljungqvist, 1995, Mahjoub Said et al., 2008, Zhang et al., 2016). Over the last 
several decades there has been a surge of activity concerning wake flows, nu-
merous studies on flow over bluff bodies had provided detailed information of 
the wake region. The vortex street behind the bluff cylinder contain useful 
information regarding the distribution of three-dimensional vortex structure. 
Approaches to this problem have been principally experimental, while later 
there has been vigorous activity in numerical simulation and analysis (Wil-
liamson, 1996). Frederich et al. (2008) performed simulations and experiments 
to capture the spatial-temporal flow field around a finite circular cylinder 
mounted on a ground plate, and showed characteristic flow features in the 
wake include boundary layer separation, shear layer instability and the subse-
quent vortex formation; and these are strongly affected by downwash effects 
from the flow over the top free end (Figure 2.1). 
Finite bodies are typically classified by their cross-sectional proportions via 
the aspect ratio AR (H/D), which compares the body height H to its width D. 
Studies often reported the effects of various aspect ratios (H/D) on momentum 
and heat transport in the wake of wall-mounted finite-length cylinders (Wang 
et al., 2009, Uffinger et al., 2013). Among cylinders of various proportions, an 
aspect ratio of 3 is the most similar shape to a human body. Rostamy et al. 
(2012) compared details in the near-wake region and found the vortex struc-
ture behind the cylinder was different for the cylinder of AR = 3 comparing to 
slimmer cylinders (AR > 3). All cylinders had large re-circulation immediately 
behind the free end, while a second vortex is found behind the cylinder near 
 13 
 
the cylinder-wall junction except for the cylinder of AR = 3, indicating a dis-
tinct wake structure for this cylinder. Moreover, weak upwash flow occurs 
from the ground plane directed towards the central region of the wake; this 
upwash flow is weakest for the cylinder of smallest aspect ratio. 
Overall, the findings in the bluff body wake flow presented the typical wake 
structures behind a wall-mounted bluff body and demonstrated that the ge-
ometry aspect ratios influence the wake structure. On the one hand, it pro-
vided preliminary indications of how human wake flow and vortex structures 
would develop; on the other hand, it showed that for human bodies with dif-
ferent shape/aspect ratio, the generated wake structure could differ hence 
changing the influence on particle dispersion. Therefore, the geometry of the 
human body is carefully considered in this thesis to accurately reflect the wake 
characteristics. 
 Flow Over Stationary Manikins 
The fluid dynamics of human wake have primarily been investigated by con-
sidering a stationary bluff body exposed to an oncoming wind (Inthavong et 
al., 2013a, Irwin, 2008, Murakami and Deguchi, 1981, Inthavong et al., 2012b, 
Li et al., 2014b). Early experimental studies (Kulmala et al., 1996, Kim and 
Flynn, 1991) used a manikin installed in an open-ended wind tunnel, and tracer 
 
 
Figure 2.1 A time-averaged flow topology for flow over a cylinder investi-
gated by Frederich et al. (2008) 
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gases were released from different locations to visualise the boundary layer 
separation, and the size and location of the wake region. CFD studies (Mura-
kami et al., 1999, Hayashi et al., 2002, Ge et al., 2013, Se et al., 2010) have ex-
plored the detailed flow structures of unsteady wake regions from stationary 
manikins and their impact on the subsequent transport of indoor pollutants. 
An issue arising with flow over a stationary manikin is the flow separation at 
the feet which neglects flow unsteadiness caused by the manikin motion; thus, 
the near wake flow characteristics during walking are only partially repre-
sented (though (Brohus et al., 2006) applied distributed momentum sources to 
simulate movement). In addition, under the assumption of relative motion be-
tween airflow and human body, the transport of pollutants from fixed loca-
tions cannot be correctly reflected. Simplified geometries such as vertical finite 
cylinders and cuboids were often used as substitutes for human bodies (Pous-
sou et al., 2010, Thatcher et al., 2004). This also leads to discrepancies between 
realistic and cylindrical geometries. For example, when legs are considered as 
two cylinders instead of one single thick cylinder, there is increased mixing in 
the wake produced by the gap between the legs accelerating flow (Edge et al., 
2005, Flynn and Ljungqvist, 1995, Tao et al., 2017b, Tao et al., 2017c).  
 Experimental Studies on Moving Manikins 
Flow measurements of moving bodies presents significant challenges due to 
set up, large scales, and its dynamic nature. Recent experimental studies have 
 
Figure 2.2 Front view of the overset-grid system and the mean velocity magni-
tude with streamlines for a computational study of flow over a manikin 
(Edge et al., 2005) 
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focused on the effects of human activity on the fluid wake dynamics by using 
moving models. Han et al. (2014b) used a full-scale thermal manikin and meas-
ured the dynamic airflow with hot-wire anemometers (Figure 2.3) and found 
the limitation of the method was that measurements were taken at a point 
(from the probe sensor) and thus unable to obtain comprehensive information 
of the whole flow field. Luo et al. (2017) conducted PIV measurements on a 
small-scale cabin with a moving manikin, and observed flow patterns such as 
symmetric eddies, upward vortex and a strong downwash in the wake flow 
along the vertical centre plane. A few other studies that have investigated the 
fluid dynamics from a moving manikin including: Inthavong et al. (2016) in-
vestigated an isothermal 1/5th scaled rigid moving manikin model; Luo et al. 
(2015) and Oliveira et al. (2014) investigated natural and forced convection 
heat transfer from a moving thermal manikin in rigid motion. In the thermal 
model studies, the heat transfer coefficient increased as a power exponent 
function with increase of the moving speed.  
Poussou et al. (2010, 2012, 2015) conducted small-scale PIV and Planar Laser 
Induced Fluorenscene (PLIF) measurements to qualitatively capture the wake 
flow from a moving block and contaminant transport inside an airline cabin. 
Although PIV experiments provide detailed flow field information, extremely 
large data sets are needed to achieve statistical average for each image pair 
covering a small field of view, and at each instantaneous moment in time – 
and each instantaneous time produces different manikin positions. To date 
 
 
Figure 2.3 Indoor Experimental study of flow field induced by limbs pendu-
lum and body motion measured by anemometers (Han et al., 2015) 
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there are limited experimental studies of wake flow induced by a moving hu-
man. This is partly due to the challenges in flow visualisation to capture a 
moving object compared with a traditional fixed object with a steady state 
flow. Smoke visualisation provides a qualitative understanding of the gross 
flow field. Recent studies have demonstrated the ability to capture separation 
points, reattachment points, and vortex shedding phenomena (Sohankar et al., 
2015). Moreover, with high speed photography and image processing, quanti-
tative data can be produced for validating CFD simulation data of moving hu-
man subjects/manikins.  
 CFD Studies on Moving Manikins 
A growing number of computational studies have laid emphases on the effects 
of human activity on the wake dynamics. CFD with dynamic mesh advances 
the modelling capability to capture transient effects of manikin motion. This 
was used to qualitatively capture the wake flow from moving blocks (Brohus 
et al., 2006, Poussou et al., 2010). Realistic anthropomorphic manikins have 
also been used as they provided more realistic results in the near-body regions 
(Gao and Niu, 2005). Computational studies have observed wake flow patterns 
and vortices in the wake region causing significant dispersion of pollutants 
(Hang et al., 2014, Oberoi et al., 2010, Tao et al., 2017b, Choi and Edwards, 2012, 
Choi and Edwards, 2008). Choi and Edwards (2012) conducted a large-eddy 
simulation with an immersed boundary method to demonstrate the contami-
nant transport owing to complex human- and door-motion-induced wake 
 
  
Figure 2.4 Vorticity iso-surfaces coloured by SF6 mass concentration for multi-
ple-men walking events by large-eddy simulation of human-induced contam-
inant transport in room compartments (Choi and Edwards, 2012) 
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(Figure 2.4). Their results quantified the effect of different walking speeds and 
door opening on contaminant transport between room compartments. 
To visualise the vortex structures inside the wake, the vorticity parameter, 
using the q-criterion or λ2 methods, has been widely adopted to depict the 
vortex dynamics or to identify vortex cores in the wake region. However, this 
method can be difficult to accurately distinguish the actual rotational motion 
of the vortex (Kolář, 2007). The selection of the vorticity value in either the q-
criterion or λ2 methods for vortex identification lacks a clear physical meaning. 
Additionally, inappropriate values can lead to strong vortices being captured 
while weak ones are skipped. Moin and Kim (2006) suggest that it is only suit-
able for vortex visualisation, and that it cannot identify the accurate positions 
and regions of the vortices. In this study we use an omega vortex identification 
method proposed by Liu et al. (2016) which is based on a physical meaning of 
its omega criterion. 
While previous studies have advanced the modelling capability and complex-
ity by integrating dispersed particle modelling for inhalation exposure assess-
ments, the investigation of particle re-suspension from floors influenced by a 
moving manikin with swinging motion and heat transfer needs to be further 
pursued. For example, there are differences in flow field due to a moving rigid 
body motion, and that of a swinging human gait cycle, and in combination 
with a thermal plume. The advancements in modelling can lead to enhanced 
evaluation of airborne contaminant exposure influenced by occupant activity 
which is also prevalent in indoor environments (e.g. pollutants, and exhaust 
fumes in pedestrian/urban streets).  
To accurately predict the realistic motion-induced wake, a key factor to con-
sider is the effects of heat transfer leading to thermal plumes from the human 
body. Murakami et al. (1999) investigated the thermal and dynamic effects of 
0.25m/s and 2.5m/s wind on stationary bodies. Velocity and temperature fields 
around the body revealed a thin layer of warm rising air around the body un-
der a stagnant or weak wind environment; but this disappeared when the wind 
velocity increased. Combining a wind tunnel experiment and CFD, Li and Ito 
(2014) and Ono et al. (2008) showed thermal plumes emitting from around a 
human body in an outdoor environment. Therefore, the effect of heat transfer 
is an important component for wind flow over a human body. Wu and Gao 
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(2014) concluded that when the moving speed is larger than 0.4 m/s, the wake 
flow dominates the micro-environment airflow near the moving body there-
fore contaminant transport due to the thermal plume became negligible com-
paring to the motion.  
 Particle Transport by the Wake 
Particle resuspension and deposition indoors has received increasing attention 
recently as a result of public concern about contaminant exposure (Lai, 2002). 
This is particularly the case when human activity is considered as floors are 
an important reservoir of human-associated contaminants, and human walk-
ing is an important contributor to the re-suspension of particles (Oberoi et al., 
2010, Goldasteh et al., 2014, Hospodsky et al., 2012, Tian et al., 2014). 
Experimental studies have confirmed the occurrence of particle re-suspension 
caused by human activities. Qian and Ferro (2008) used optical particle coun-
ters in a full-scale test chamber and showed that ‘heavy and fast’ walking pro-
duced higher re-suspension rates than less active walking. This was attributed 
to a combination of increased pace, increased air swirl velocity, and electro-
static field effects established by the walking. Similarly, studies investigated 
human interactions with floor type (You and Wan, 2015), dust type and con-
taminant concentration in dust loads (Gomes et al., 2007). Thus, it is necessary 
to investigate the human-induced wake flow and its influence on the re-sus-
pension of settled particles.  
The regular vortex patterns in the wake and their impact on airborne pollu-
tants transport has received a lot of attention (Ferro et al., 2004, Mazumdar et 
al., 2011, Tian et al., 2016, Wang and Chow, 2011). Vortex shedding in the wake 
has been shown to influence pollutant dispersion and caused complex behav-
iour due to advection and turbulent diffusion (Tominaga and Stathopoulos, 
2013). For example, Edge et al. (2005) found increased spreading of pollutants 
attributed to combined effects of the left-right vortex shedding and the down-
wash effect from the wake coming from a stationary human body. Khare and 
Marr (2014) demonstrated particle re-suspension/dispersion occurring from 
the floor induced by the wake produced during human walking. Similar fluid-
particle behaviour of airflow over bluff bodies were found in street canyons 
where wind moving over a building generated a trailing vortex, and pollutant 
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dispersion was perturbed by the vortices in the wake flow of the buildings 
(Park et al., 2015, Tsai and Chen, 2004). These studies suggest unsteady vorti-
ces in the wake region over bluff bodies are a key factor in influencing pollu-
tant transport. 
The computational fluid dynamics (CFD) technique has been proven to be an 
efficient approach in analysing transport of particulate matters in indoor en-
vironments. CFD is not only able to provide full-scale simulations and visual-
isation of the pollutant transport in a cost-efficient way, but also capable of 
leading to an in-depth understanding of complicated physical phenomena. 
Through CFD simulations, a number of studies (Wang et al., 2011, Inthavong 
et al., 2013b, Gao et al., 2012b, Chang and Hu, 2008, Chen and Zhao, 2010, Han 
et al., 2014a, Chen et al., 2013) have employed the Lagrangian approach to 
predict the particle movement in airflows. Zhang and Chen (2007) compared 
the performance of two modelling methods – the Eulerian model and the La-
grangian model on predicting particle concentration distributions in venti-
lated spaces. By comparing both results with the experimental data, the La-
grangian method was found to perform better than the Eulerian method in 
terms of predicting the transient dispersion of the particles from a coughing, 
though the Lagrangian method was computationally more demanding. Qian 
and Li (2010) investigated the fate of respiratory particles in a ventilated iso-
lation room both experimentally and computationally. Through Lagrangian 
model, the effectiveness of the ventilation design on removing fine and large 
respiratory particles was analysed. 
The computational modelling integrating the body motion with dynamic mesh 
and the particle tracking with Lagrangian model also showed good perfor-
mance. Goldasteh et al. (2014) simulated the particle resuspension due to shoe 
stepping on the floor and showed that particles were detached and re-sus-
pended from the substrate during the downward motion of the foot. Their 
prediction of particle resuspension from Lagrangian approach was validated 
with the corresponding experimental results. Wang and Chow (2014) numer-
ically investigated the impacts of human movement on the airborne particles 
distribution in hospital rooms. The Lagrangian method was adopted to trace 
the motion of droplets and the dynamic mesh model was employed to describ-
ing human walking. Results showed the change of suspended droplets 
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concentration due to walking speeds and posture change, and the adopted 
models were successfully validated against reported experimental data. 
 Summary 
Studies on the airflow over stationary objects and moving manikins revealed 
the complicated structures in the human wake region and confirmed the sig-
nificant impact of objects motion on indoor air quality. However, there were 
some questions remained to be addressed, e.g. the wake flow development af-
ter the manikin motion stopped; the influence of the ceased motion on pollu-
tant transport; the details of vortex structures of the motion-induced wake, 
and the validation of CFD simulations of indoor moving objects with higher 
moving speed etc. Therefore, this study focused on presenting comprehensive 
descriptions of temporal and spatial characteristics of human-induced wake 
during the manikin motion and after it stopped. Anthropomorphic geometry, 
realistic motion and thermal conditions were considered to provide more re-
alistic results of the motion-induced flow field. Particle suspension caused by 
the human walking was thereby conducted based on the flow field generated 
by the realistic motion. On the other hand, smoke visualization was adopted 
as the experimental method to reproduce the wake from moving manikins and 
provide data to validate with simulation results.  
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Methodology 
 CFD Geometries and Validation 
 Cylinder Geometry for Model Validation 
The fluid dynamics of wake flow around human body comply with the prin-
ciple of the boundary layer separation when air flows over bluff bodies such 
as mounted vertical finite cylinders. Studies into the flow field around fixed 
cylinders have provided insight into the major characteristics of bluff body 
aerodynamics, and identified the main flow features of vortices such as down-
wash flow and recirculation regions extending downstream behind the bluff 
body (Kawamura et al., 1984, KrajnoviĆ, 2011, Wang and Zhou, 2009).  
To validate the numerical modelling accuracy, simulations of near wake flow 
around mounted vertical cylinders were firstly conducted and validated 
against PIV measurements by Rostamy et al. (2012),  in which a circular cylin-
der with a similar aspect ratio (AR = 3) to the manikin model was mounted on 
a plane and had air flowed over it (Figure 3.1a). The same geometry and flow 
domain were built in the CFD modelling (Figure 3.1b for model validation. To 
solve the boundary layer separation in the viscous sub-layer on the cylinder 
surface, very fine prism cells were extruded from the surface. The flow domain 
(a)         (b)  
Figure 3.1 (a) A schematic representation of flow past a finite cylinder 
mounted normal on a ground plane in Rostamy et al. (2012); (b) grids around 
the cylinder in the CFD model for validation  
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was calculated by applying identical ambient flow conditions with the exper-
iment data.  
 Manikin Models 
The computational domain had a manikin model located on the centreline 
close to the back wall. Different shaped manikins with the same height of 1.7m 
were placed in the computational domain individually. The manikins used in 
different cases could be summarised as: (1) a slim body with rigid motion; (2) 
a slim body with swinging motion; and (3) three manikin bodies (slim, walking 
pose and large) with rigid motion (Figure 3.2). Manikins moved at different 
speeds under several case scenarios throughout this study. The length of the 
enclosed domain varied slightly in each case, the details of the manikins and 
the domain were clarified in each chapter. Unstructured tetrahedral cells and 
prism layers were generated around the manikin surface, while a hex-core 
filled inside the room. To capture the boundary layer separation around the 
manikin, similarly scaled mesh sizes obtained from the validated wall-
mounted cylinder model were applied on the manikins’ surface.  
For the dynamic meshing, the layering mesh method was used to update the 
moving grids at each new time step for the rigid motion case, while the re-
meshing method was applied to re-generate the mesh at each time step for the 
 
(a) Model #1: slim 
manikin in stand-
ing gesture 
 
(b) Model #2: slim 
manikin in walk-
ing gesture 
 
(c) Model #3: larger 
bodied manikin in 
standing gesture 
Figure 3.2 3D printed manikin models 
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swinging motion. The number of steps per second (called cadence) and the 
walking speed of a person are subject to various human factors. We assumed 
a cadence of 2 steps per second with a mean walking speed of 1.2 m/s based 
on gait parameters presented in Al-Obaidi et al. (2003). The total ﬂexion angle 
for the arms and legs were 60°and 40° based on Han et al. (2013) and the rotat-
ing limb angular velocities were calculated from the length of limbs, the 
swinging period, and walking speed. The gait cycle was achieved by defining 
the angular limb velocities through a User-Defined-Function (UDF) in the 
commercial CFD software ANSYS Fluent v14.5.  
The body temperature is usually set in the range of 30.3°C to 33.7°C (Murakami 
et al., 1999, Salmanzadeh et al., 2012, Li et al., 2013). In this study, the manikin 
used a fixed surface temperature of 32°C, with an air temperature of 22°C. 
Since one of our objectives was to compare the thermal plume around the 
manikin during walking, the convective heat transfer from the body surface 
was the main contributor, and radiation, evaporation, and respiration were not 
considered. Likewise, clothing was not considered.  
 
 CFD Airflow Modelling 
The physical characteristics of the fluid motion related to velocity, pressure, 
temperature, density, etc. are usually described through the incompressible 
Navier-Stokes equations which are often called governing equations in CFD.  
 
      
Figure 3.3 CFD models of (a) the computational domain; (b) the mesh setup 
of the slim standing body. 
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 Governing Equations 
The governing equation of the continuous gas phase is obtained by identifying 
the fundamental principles based on conservation of mass, Newton’s second 
law for the conservation of momentum and first law of thermodynamics for 
the conservation of energy. The general form of transport equation for incom-
pressible flow is expressed as (3.1):  
𝜕𝜙
𝜕𝑡
+ 𝛻 ∙ (𝜙𝑉ሬ⃗ ) = 𝛻 ∙ (𝛤 𝛻𝜙) +  𝑆థ  (3.1) 
Where 𝜙 is a general fluid property, 𝑡 represents time, the fluid velocity 𝑉ሬ⃗  at 
any point in the flow field is described by the local velocity components u, v, 
and w, 𝛤  is a general diffusion coefficient and 𝑆థ  is the source term. This 
transport equation can also be expressed using three-dimensional form (3.2):  
𝜕𝜙
𝜕𝑡
+
𝜕(𝑢𝜙)
𝜕𝑥
+
𝜕(𝑣𝜙)
𝜕𝑦
+
𝜕(𝑤𝜙)
𝜕𝑧
=
𝜕
𝜕𝑥 ൤
𝛤
𝜕𝜙
𝜕𝑥 ൨
+
𝜕
𝜕𝑦 ൤
𝛤
𝜕𝜙
𝜕𝑦൨
+
𝜕
𝜕𝑧 ൤
𝛤
𝜕𝜙
𝜕𝑧 ൨
+ 𝑆థ  
(3.2) 
 The Mass Conservation Equation 
To achieve the conservation of mass, the scalar variable 𝜙 is identified as the 
fluid density ρ in the governing equation while the diffusion is discarded. The 
conservation form of mass conservation in the absence of mass sources can be 
expressed as (3.3): 
𝜕𝜌
𝜕𝑡
+ 𝛻 ∙ ൫𝜌𝑉ሬ⃗ ൯ = 0 (3.3) 
In the Cartesian coordinate system, it can be expressed as (3.4): 
𝜕𝜌
𝜕𝑡
+
𝜕(𝜌𝑢)
𝜕𝑥
+
𝜕(𝜌𝑣)
𝜕𝑦
+
𝜕(𝜌𝑤)
𝜕𝑧
= 0  (3.4) 
It reflects the rate of increase of mass within the control volume equals the net 
rate at which mass enters the control volume. For incompressible flow that 
density is a constant value: 
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𝛻 ∙ 𝑉ሬ⃗ = 0 (3.5) 
 The Momentum Equations 
Deriving the conservation of momentum from Newton’s second law, the sca-
lar variable 𝜙 is identified as the fluid velocity 𝑉ሬ⃗  and Γ is replaced by the kin-
ematic viscosity 𝜈 = 𝜇/𝜌, respectively. The force induced by the pressure p is 
added into the source terms. The conservation form of the momentum equa-
tion can be rewritten from the conservation equations as (3.6): 
𝜕𝑉ሬ⃗
𝜕𝑡
+ (𝑉ሬ⃗ ∙ 𝛻)𝑉ሬ⃗ = 𝜈𝛻ଶ𝑉ሬ⃗ −
1
𝜌 𝛻𝑝 
(3.6) 
In the Cartesian coordinate system, it can be expressed as: 
x momentum: 
𝜕𝑢
𝜕𝑡
+ 𝑢
𝜕𝑢
𝜕𝑥
+ 𝑣
𝜕𝑢
𝜕𝑦
+ 𝑤
𝜕𝑢
𝜕𝑧
= 𝜈[
𝜕ଶ𝑢
𝜕𝑥ଶ
+
𝜕ଶ𝑢
𝜕𝑦ଶ
+
𝜕ଶ𝑢
𝜕𝑧ଶ
] −
1
𝜌
𝜕𝑝
𝜕𝑥
   (3.7) 
y momentum: 
𝜕𝑣
𝜕𝑡
+ 𝑢
𝜕𝑣
𝜕𝑥
+ 𝑣
𝜕𝑣
𝜕𝑦
+ 𝑤
𝜕𝑣
𝜕𝑧
= 𝜈[
𝜕ଶ𝑣
𝜕𝑥ଶ
+
𝜕ଶ𝑣
𝜕𝑦ଶ
+
𝜕ଶ𝑣
𝜕𝑧ଶ
] −
1
𝜌
𝜕𝑝
𝜕𝑦
   (3.8) 
z momentum: 
𝜕𝑤
𝜕𝑡
+ 𝑢
𝜕𝑤
𝜕𝑥
+ 𝑣
𝜕𝑤
𝜕𝑦
+ 𝑤
𝜕𝑤
𝜕𝑧
= 𝜈[
𝜕ଶ𝑤
𝜕𝑥ଶ
+
𝜕ଶ𝑤
𝜕𝑦ଶ
+
𝜕ଶ𝑤
𝜕𝑧ଶ
] −
1
𝜌
𝜕𝑝
𝜕𝑧
  (3.9) 
 The Energy Equation 
Deriving the equation for the conservation of energy from the first law of 
thermodynamics, 𝜙 is substituted by the temperature T, while Γ is the thermal 
diffusivity (α = 𝑘/𝜌𝐶௣). The equation of conservation of energy can be rewrit-
ten as (3.10): 
𝜕𝑇
𝜕𝑡
+ (𝑉ሬ⃗ ∙ 𝛻)𝑇 = 𝛼𝛻ଶ𝑇 +  𝑆் 
(3.10) 
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Where, k is the thermal conductivity, 𝐶௣ represents the thermal capacity and 
𝑆் is the internal thermal source. In the Cartesian coordinate system, it can be 
expressed as (3.11): 
𝜕𝑇
𝜕𝑡
+ 𝑢
𝜕𝑇
𝜕𝑥
+ 𝑣
𝜕𝑇
𝜕𝑦
+ 𝑤
𝜕𝑇
𝜕𝑧
=
𝑘
𝜌𝐶௣
[
𝜕ଶ𝑇
𝜕𝑥ଶ
+
𝜕ଶ𝑇
𝜕𝑦ଶ
+
𝜕ଶ𝑇
𝜕𝑧ଶ
]  (3.11) 
 Equations for Turbulent Flow 
Turbulent flow is a chaotic and irregular state of motion associated with ran-
dom fluctuations in both direction and magnitude in the fluid. In CFD simula-
tions, the turbulent flow can be solved using the direct numerical solution 
(DNS), the Large-eddy simulation (LES) or the Reynolds-Averaged Navier-
Stokes (RANS) method. The DNS method resolves the whole range of spatial 
and temporal scales of the turbulence and the LES model resolves all the large 
eddies, therefore they require significantly high computational cost. Whereas 
the RANS model approximates time-averaged solutions to the Navier–Stokes 
equations by decomposing the instantaneous quantities, while still provides 
reasonably reliable solutions to turbulence flows with less computational cost 
and time. In the RANS model, the scalar variable 𝜙(𝑡) in the instantaneous 
Navier-Stokes equations is decomposed into the mean component 𝜙ത and the 
fluctuating component 𝜙ᇱ(𝑡): 
 𝜙(𝑡) =  𝜙ത + 𝜙ᇱ(𝑡) (3.12) 
For the velocity components: 
 𝑢௜(𝑡) =  𝑢పഥ +  𝑢௜ᇱ(𝑡) (3.13) 
Where 𝑢పഥ  and 𝑢௜ᇱ(𝑡) are the mean and fluctuating velocity components. The 
intensity of the turbulence flow can be defined by the ratio of the fluctuating 
velocity to the mean velocity: 
 𝐼 =  
 𝑢௜ᇱ
 𝑢పഥ
=  
ට13 (𝑢௫
ᇱ ଶ + 𝑢௬ᇱ
ଶ + 𝑢௭ᇱ ଶ)
ට𝑢ത௫ଶ + 𝑢ത௬ଶ + 𝑢ത௭ଶ
  (3.14) 
In which the mean velocity is: 
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𝑢పഥ =  
1
𝑡
න 𝑢(𝑥, 𝑦, 𝑧, 𝑡)𝑑𝑡
௧బା௧
௧బ
  (3.15) 
And the mean and fluctuating velocity component is: 
𝑢పᇱ(𝑡)തതതതതതത =
1
𝑡
න 𝑢௜ᇱ(𝑡)𝑑𝑡
௧బା௧
௧బ
=
1
𝑡
න (𝑢௜(𝑡) − 𝑢పഥ )𝑑𝑡
௧బା௧
௧బ
= 0 (3.16) 
By substituting expressions of the decomposed form for the flow variables into 
the continuity equation and taking a time average, the ensemble-averaged mo-
mentum equations can be written as: 
𝜕𝑢పഥ
𝜕𝑥௜
= 0  (3.17) 
Similarly, the momentum equation would become: 
𝜕𝑢𝑖ഥ
𝜕𝑡
+
𝜕
𝜕𝑥௜
(𝑢𝑖ഥ 𝑢𝑗ഥ ) = 𝜈
𝜕ଶ𝑢𝑖ഥ
𝜕𝑥௜ଶ
−
1
𝜌
𝜕𝑝
𝜕𝑥௜
+  
𝜕
𝜕𝑥௜
(−𝑢ప′𝑢ఫ′തതതതതതത) 
(3.18) 
The above equations are called Reynolds-averaged Navier-Stokes (RANS) 
equations. The additional term  𝑢ప′𝑢ఫ′തതതതതതത representing the effects of turbulence is 
related to the Reynolds stress tensor: 
𝑅௜௝ =  𝜌𝑢ప′𝑢ఫ′തതതതതതത (3.19) 
 The RNG k- Turbulence Model 
Among the RANS turbulence models, the RNG (Re-Normalisation Group) k- 
model has been widely employed due to its good performance on modelling 
indoor airflow and pollutant transport (Chen and Chao, 1997). The RNG k- 
model was developed by Yakhot and Orszag (1986), (1992) from the standard 
k- model to account for the effects of smaller scales of motion by using a 
modified form of the epsilon equation through changes to the production term. 
The RNG k- model has a broader applicability and is more reliable and accu-
rate than the standard k- model under very complex environment with wider 
class of flows. In the standard k- model (Launder and Spalding, 1974) in which 
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k represents the turbulence kinetic energy and  stands for its rate of dissipa-
tion: 
𝑘 =  
1
2
𝑢ప′𝑢ప′തതതതതതത (3.20) 
𝜀 =  𝜈
𝜕𝑢ప′𝜕𝑢ప′തതതതതതതതതത
𝜕𝑥௝𝜕𝑥௝
 (3.21) 
The transport equation of the RNG k- model has a similar form to the stand-
ard k- model, and in the ANSYS FLUENT is given as: 
𝜕(𝜌𝑘)
𝜕𝑡
+
𝜕
𝜕𝑥௜
(𝜌𝑘𝑢௜) =
𝜕
𝜕𝑥௝
[𝛼௞𝜇௘௙௙
𝜕𝑘
𝜕𝑥௝
] + 𝐺௞ + 𝐺௕ − 𝜌ε − 𝑌ெ + 𝑆௞ (3.22) 
And  
𝜕(𝜌ε)
𝜕𝑡
+
𝜕
𝜕𝑥௜
(𝜌ε𝑢௜) =
𝜕
𝜕𝑥௝
[𝛼ఌ𝜇௘௙௙
𝜕ε
𝜕𝑥௝
] + 𝐶ଵఌ
ε
𝑘
(𝐺௞ + 𝐶ଷఌ𝐺௕) − 𝐶ଶఌ𝜌
εଶ
𝑘
− 𝑅ఌ + 𝑆ఌ 
 (3.23) 
Where, 𝐺௞  represents the generation of turbulent kinetic energy due to the 
mean velocity gradients, and 𝐺௕ is the generation of turbulent kinetic energy 
due to buoyancy. The quantities 𝛼௞ and 𝛼க are the inverse effective Prandtl 
numbers for k and ε, respectively, 𝛼௞ = 𝛼ఌ ≈ 1.393. 𝜇௘௙௙  is the sum of the 
fluid viscosity 𝜇 and the turbulent viscosity 𝜇௧, where 𝜇௧ is computed by com-
bining k and 𝜀 as: 
𝜇௧ =  𝜌𝐶ఓ
𝑘ଶ
𝜀
 (3.24) 
The model constants𝐶ఓ, 𝐶ଵఌ and 𝐶ଶఌ have values derived analytically by the 
RNG theory. These values are:𝐶ఓ = 0.0845, 𝐶ଵఌ = 1.42, 𝐶ଶఌ=1.68. 
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 Particle Modelling 
 The Eulerian-Lagrangian Model 
The Lagrangian approach is the most popular two-phase flow model for mod-
elling PM transport when the dispersed second phase occupies a low volume 
fraction. It has unique advantage in describing particle movement from the 
injection point to the destination. The airflow is treated as a continuum by 
solving the Navier-Stokes equations, while the dispersed phase is solved by 
tracking particles through the calculated flow field separately. It also allows 
an integrated inter-phase coupling which could include various interacting 
mechanisms between the phases.  
The discrete phase model (DPM) in ANSYS FLUENT follows the Euler-La-
grange approach and is used in this study to model the particle re-suspension. 
In this Euler-Lagrange method, the fluid phase is treated as a continuum by 
solving the Navier-Stokes equations, while the dispersed phase is solved by 
tracking a large number of particles through the calculated flow field. The dis-
persed phase can exchange momentum, mass, and energy with the fluid phase. 
The Lagrangian particle tracking model is based on the particle force balance 
equation given as: 
𝜕𝑢௣
𝜕𝑡
= 𝐹஽൫𝑢 − 𝑢௣൯ +
𝑔൫𝜌௣ − 𝜌൯
𝜌௣
+ 𝐹௫   (3.25) 
where u is the fluid phase velocity and up is the particle velocity; ρ is the fluid 
density and 𝜌௣  is the particle density. 𝐹௫  is additional acceleration forces. 
𝐹஽൫𝑢 − 𝑢௣൯ is the drag force per unit particle mass and 𝐹஽ is defined using the 
spherical drag law: 
𝐹஽ =
18𝜇
𝜌௣𝑑௣
2
𝐶ௗ𝑅𝑒
24
 (3.26) 
𝑑௣ is the particle diameter, Re is the relative Reynolds number which is defined 
as: 
𝑅𝑒 =
𝜌𝑑௣|𝑢௣ − 𝑢|
𝜇
 (3.27) 
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The effect of turbulent dispersion on particles can be modelled in the Lagran-
gian model by adding an eddy fluctuating component onto the mean air ve-
locity. It is the fluctuating component of the air velocity which causes the dis-
persion of particles in turbulent flow: 
𝑢௙ᇱ =  𝜁(
2
3
𝑘)଴.ହ (3.28) 
Where 𝜁 is a normally distributed random number which accounts for the ran-
domness of turbulence. The particle motion equation is solved for the entire 
time that the particle interacts with the turbulent eddy. This time is defined as 
the minimum between the eddy lifetime and the time required by the particle 
to pass through the eddy. In each eddy, the fluctuating eddy velocity can be 
varied by the eddy length scale and the lifetime 𝑡௘: 
𝐿௘ =
𝐶ఓ
ଷ/ସ𝑘ଷ/ଶ
𝜀
 
(3.29) 
𝑡௘ = 𝐿௘/(
2
3
𝑘)ଵ/ଶ (3.30) 
The model of turbulent dispersion of particles assumes that a particle is always 
within a single turbulent eddy. When a particle enters the eddy, the fluctuating 
velocity for that eddy will impose impact on the particle when two conditions 
are satisfied: (1) the time of interaction between the particle and the eddy in-
teraction is less than the eddy lifetime, and (2) the displacement of the particle 
relative to the eddy is less than the eddy length. If either condition is exceeded, 
the particle is assumed to be entering a new eddy with new u୤ᇱ , 𝑡௘ , and 𝐿௘ 
(ANSYS, 2009). 
 Dynamic Mesh Modelling 
 Dynamic Mesh 
The dynamic mesh model in ANSYS Fluent is used to model flows where the 
shape of the domain is changing with time due to motion on the boundaries. 
There are three groups of dynamic mesh in ANSYS Fluent to update the vol-
ume mesh in the deforming regions subject to the motion defined at the 
boundaries – smoothing, dynamic layering and local remeshing methods. In 
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the smoothing method, the edges between any two mesh nodes are idealised 
as a network of interconnected springs. The dynamic layering method is used 
in prismatic (hexahedral or wedge) mesh zones to add or remove layers of cells 
adjacent to a moving boundary, based on the thickness of the layer adjacent 
to the moving surface. For zones with a triangular or tetrahedral mesh, the 
remeshing method agglomerates cells that violate the skewness or size criteria 
and locally re-meshes the agglomerated cells or faces. If the new cells or faces 
satisfy the skewness criterion, the mesh is locally updated with the new cells 
(with the solution interpolated from the old cells). Otherwise, the new cells 
are discarded and the old cells are retained (ANSYS, 2009). 
For the purpose of simulating indoor body motion, the dynamic mesh method 
of dynamic layering and local remeshing methods were both used in this study. 
When the rigid motion was considered for a case, the whole computation do-
main was divided into two parts - dynamic mesh zone and static mesh zone, 
to reduce the amount of dynamic meshes and to save computational time. The 
dynamic mesh zone updated the hexahedral mesh only at the boundary of the 
domain – front and back walls of the room. When the realistic motion was to 
be considered – the swinging of limbs can only be achieved by the re-meshing 
method, when the mesh close to the moving limbs were all re-meshed accord-
ing to the criteria. The body motion was prescribed by profile (for layering 
method) and user-defined functions (for swinging limbs). The update of the 
volume mesh is handled automatically by ANSYS Fluent at each time step 
based on the new positions of the boundaries.  
The dynamic mesh model in ANSYS Fluent can be used to model flows where 
the shape of the domain is changing with time due to motion on the domain 
boundaries. In this study, the manikin body was considered as the moving 
boundary in the computational domain and was therefore achieved by the lay-
ering and re-meshing dynamic mesh methods.  
For a general scalar 𝜙 on an arbitrary control volume V with a moving bound-
ary, the integral form of the conservation equation is given as: 
 
𝜕
𝜕𝑡
න 𝜌𝜙𝑑𝑉
௏
+ න 𝜌𝜙൫𝑢ሬ⃑ − 𝑢ሬ⃑ ௚൯ ∙ 𝑑𝑨
డ௏
= න 𝛤𝛻𝜙 ∙ 𝑑𝑨
డ௏
+ න 𝑆థ𝑑𝑉
௏
 (3.31) 
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where, 𝜙 represents a scalar, ρ is the fluid density, 𝑢ሬ⃑  is the flow velocity vector; 
𝑢ሬ⃑ ௚ is the grid velocity of the moving mesh, 𝑨 is the boundary of the control 
volume V, Γ is the diffusion coefficient, 𝑆థ is the source term.  
 Motion of the Swinging Model – UDF 
A user-defined function (UDF) is a function that written in the C programming 
language and programmed to be dynamically loaded with the ANSYS FLUENT 
solver to enhance the standard features of the code. In this study, the swinging 
motion of limbs was considered as a type of boundary motion and was defined 
using a UDF. The macro DEFINE_CG_MOTION in UDF was used to specify 
the motion of a particular dynamic zone by the linear and angular velocities 
at every time step. ANSYS FLUENT used these velocities to update the node 
positions on the dynamic zone based on solid-body motion.  
DEFINE_CG_MOTION (name, dt, vel, omega, time, dtime) 
There are six arguments to DEFINE_CG_MOTION: (name, dt, vel, omega, time, 
and dtime). dt, vel, omega, time, and dtime are variables that are passed by the 
ANSYS FLUENT solver to the UDF. The linear and angular velocities are re-
turned to ANSYS FLUENT by overwriting the arrays vel and omega, respec-
tively. An example of UDF applied on the swinging manikin in this study is 
given in Table 3.1. 
 
 
 
Figure 3.4 The segmentation of body and limbs for applying UDF on dynamic 
mesh to achieve the swinging motion of limbs 
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Table 3.1 An example of UDF describing the swinging motion of the left arm 
 
The manikin motion with swinging limbs was simplified by rotating the arms 
and legs without bending the elbows and knees. The locations of rotating piv-
ots were set at the front and back points of the horizontal cuts by which limbs 
were segmented (Figure 3.4), from where the lengths of moving parts were 
48cm for arms and 75 cm for legs of a 170cm-tall manikin. The UDF in Table 
3.1 showed an example of how left arm was swinging in a gait cycle. “Rt = 0.8” 
defined the period of a gait cycle as 0.8 secs, and it was then divided into 4 
#include "udf.h" 
#include <math.h> 
#include <stdio.h> 
#define v1 1.3    
 
DEFINE_CG_MOTION(left_arm, dt, cg_vel, cg_omega, time, dtime) 
{ 
 real t,Rt; 
 int t_int, t_cycle; 
 Rt = 0.8; 
 t = CURRENT_TIME;  
 t_int = t*100/Rt; 
 t_cycle = t_int%100; 
 if (t_cycle >= 0 && t_cycle < 25 )  
 { DT_CG(dt)[0] = -0.2; 
  DT_CG(dt)[1] = -0.07+1.2*t; 
  DT_CG(dt)[2] = 1.205; 
  cg_vel[1] = 1.2;   
  cg_omega[0] = -1*v1; 
 }  
 else if (t_cycle >= 25 && t_cycle < 50)   
 {  DT_CG(dt)[0] = -0.2; 
  DT_CG(dt)[1] = -0.07+1.2*t; 
  DT_CG(dt)[2] = 1.205; 
  cg_vel[1] = 1.2;  
  cg_omega[0] = v1; 
     }  
 
 else if (t_cycle >= 50 && t_cycle < 75)   
 { DT_CG(dt)[0] = -0.2; 
  DT_CG(dt)[1] = 0.011+1.2*t; 
  DT_CG(dt)[2] = 1.205; 
  cg_vel[1] = 1.2;   
  cg_omega[0] = v1; 
 }  
 else if (t_cycle >= 75 && t_cycle < 100)   
 {  DT_CG(dt)[0] = -0.2; 
  DT_CG(dt)[1] = 0.011+1.2*t; 
  DT_CG(dt)[2] = 1.205; 
  cg_vel[1] = 1.2;   
  cg_omega[0] = -1*v1;   
     }  
} 
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phases: swinging forward, back to vertical, swinging backward, and back to 
vertical again. “DT_CG(dt)” defined the location of pivot points and it was 
shown as a function of time (t) as the body was moving forward. “cg_omega[0]” 
defined the angular velocity of limbs thereby controlled the amplitude of 
swinging. 
 Smoke Visualisation Method 
 Smoke Generation 
Smoke was generated from the chemical reaction between acetic acid 
(CH3COOH) and cyclohexylamine (C6H11NH2) that produces a salt (ethanoate): 
CH3COOH + C6H11NH2 → C6H11N + H3 + CH3COO –  
This technique was first patented by (Britt, 1943) as a method to produce 
smoke without combustion to obscure visibility in warfare, or to overcome a 
riotous mob. Its use is also prevalent in the arts, such as photography, theatre 
and movie production for creating the illusion of smoke or fog. The primary 
substances employed in forming the smoke comprise an amine and an organic 
acid which are brought together and will react to produce a mass of fine 
opaque particles of amine salt suspended in the atmosphere. The amine used 
in this work was cyclohexylamine because of its availability and relatively low 
health risk. It reacts with a volatile liquid organic acid in the presence of air at 
standard atmospheric or room temperatures to produce smoke. The acid used 
in this work was acetic acid also because of its availability, low cost, and low 
health risk. It is a liquid at standard atmospheric temperature and pressure and 
is able to react with a carbon containing amine without additional heat energy. 
While the method is not new, it was introduced as a technique for visualising 
flow streamlines of moving bodies in a stagnant fluid in Inthavong et al. (2017). 
Smoke is visualised from illuminating light reflecting off the opaque amine 
salts formed as the by-product of the chemical reaction between the cyclohex-
ylamine and acetic acid. The settling velocity of the amine salt particles is ex-
tremely low and therefore are ideal as a tracer gas. The particles are also ex-
tremely effective in reflecting light. Since the smoke visualisation depends on 
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light illumination. a strong light source with a dark contrasting background is 
needed. 
A comprehensive risk assessment was undertaken for the entire experiment 
according to Australian HSE (Health Safety Environment) standards. The out-
come of the assessment included allowing only two operators close to the rig. 
Personal protective equipment for the two operators included a full-face mask 
worn at all times to filter the acetic acid vapour, and cyclohexylamine. Protec-
tive clothing for operators and strict chemical handling procedures from the 
outcomes of the risk assessment were also followed during the course of the 
experiment.  
 Test Chamber and Manikin 
A 1/5th scaled model of an indoor room was created with dimensions of 800mm 
(x-coordinate) × 1100mm (y-coordinate) × 600mm (z-coordinate) (Figure 3.5). 
Two trays of acetic acid (40%) were placed on the floor in opposing corners 
and allowed to evaporate into the air, thereby saturating the air inside the 
chamber. A small CPU-fan was used to increase the evaporation rate and reach 
a well-mixed room condition. We found that the fan operating for approxi-
mately 5 mins was the optimal time to produce sufficient acid vapour in the 
air. After 5 min, the fan was switched off and the air was allowed settle to an 
idle state. An exhaust vent was connected to the ceiling to purge the chamber 
 
Figure 3.5 Indoor room scaled at 1/5th dimension. On the floor are the acetic 
acid (as a volatile liquid) trays, and CPU mixing fan. Light is sourced from 
two 800W lamps. 
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after each experimental run. Upon completion of each run, an 11kW suction 
fan was used to remove the fumes from the measurement chamber. The suc-
tion fan was run for a minute such that there was a turnover of almost 100 
times compared to volume of the measurement chamber, which ensured that 
for every repeating run, the wake flow was only caused by the current move-
ment. 
Rectangular fabric material (approximately 2cm2) were stuck on the manikin 
in different locations and cyclohexylamine was dabbed onto its surface. The 
amount of cyclohexylamine (85%) is very small (less than 0.1 ml for each ap-
plication), a dab with a cotton tip swab was enough to wet the fabric material 
in locations of interest for each run of the experiment. Smoke was formed via 
the chemical reaction between the acetic acid (CH3COOH) saturated air and 
the cyclohexylamine (C6H11NH2). The reaction produced smoke (comprised of 
suspended opaque amine salt particles) suitable for flow visualisation with a 
high-speed camera. A black background was used to provide strong contrast 
when light scattering illuminated the smoke. A Phantom Miro M310 high 
speed camera with a Canon 90mm f/2.8 shift lens was used to capture the trail-
ing smoke from the manikin. Two 800W Broncolor HMI (Hydrargyrum Me-
dium-Arc Iodine) lamps with PAR (parabolic aluminized reflector) reflectors 
and MFL-UV filter glasses were placed behind and to each side of the perspex 
test chamber, providing sufficient light and illumination of the smoke.  
Three 1/5th scaled manikins (a slim manikin in standing gesture, model #1, the 
same slim manikin in walking gesture, model #2 and a larger bodied manikin 
in standing gesture, model #3) were 3D printed at RMIT University’s Ad-
vanced Manufacturing Precinct (Melbourne, Australia) and shown in Figure 
3.2. The models come from our library of 3D generated CAD models which 
include different human manikins in various poses. The manikin selection was 
based on slim body build with height of 170cm. The second body was selected 
based on the need for a completely different shape and size to demonstrate the 
effects caused by different geometries. The manikins were mounted onto a 
rack-and-pinion travelator that moved the manikin inside a holding chamber 
through a sliding door and across the floor of the test chamber. The details of 
body geometries used in different scenarios are introduced in each chapter. 
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Wake Flow and Particle Dispersion 
Induced by Rigid Body Motion 
The main findings of this chapter have been published in: 
 Tao, Y., Inthavong, K. & Tu, J. Y. (2016). Computational Fluid Dynam-
ics Study of Human-Induced Wake and Particle Dispersion in Indoor 
Environment. Indoor and Built Environment, 26, 185-198.  
DOI: 10.1177/1420326X16661025, IF = 1.181, Q2 
 
 Tao, Y., Inthavong, K., Petersen, P., Mohanarangam, K., Yang, W. & Tu, 
J. Y. (2015). CFD study of human-induced wake and particle dispersion 
in indoor environment. Ventilation 2015 - the 11th International Confer-
ence on Industrial Ventilation, 26-28 Oct, Shanghai, China. 
 
The impact of human-induced wake flow and particle re-dispersion from 
floors in an indoor environment was investigated by performing CFD simula-
tions with dynamic-mesh of a moving manikin model in a confined room. The 
linear manikin motion was achieved by a dynamic layering mesh method to 
update new grids with each time step. Particle transport from the floors and 
its re-dispersion as tracked by the Lagrangian approach. A series of numerical 
simulations of three walking speeds were performed to compare the flow dis-
turbance induced by different motion strength. The results showed that the 
significant airflow patterns in the indoor flow field, where identified major 
characters such as the upward flow in front of the body, downwash towards 
the back with highest velocities, the stagnant region behind the gap of legs, 
and the counter-rotating vortices in the wake region. The airflow momentum 
induced by the moving body disturbed the PM2.5 size particles from the floor 
to lift off and suspend due to the interaction with the trailing wake. The resid-
ual ﬂow disturbances after the manikin stopped continued to induce the par-
ticle to spread and deposit over time. The spatial and temporal characteristics 
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of the particle dispersion and concentration showed that higher walking speed 
was conducive to reducing the human’s exposure to contaminants on the 
height of breathing zone. 
 Introduction 
Particle re-suspension has been identified as a factor for indoor PM transport 
(Zhou et al., 2011),, and this is particularly the case when human activity is 
considered (Oberoi et al., 2010, Inthavong et al., 2013a, Li et al., 2014, Se et al., 
2010, Gao and Niu, 2005). In addition, human induced wake flow wields sig-
nificant influence on particle dispersion and re-suspension affecting exposure 
levels and particulate matter (PM) sampling readings (Ferro et al., 2004, 
Mazumdar et al., 2011, Miguel et al., 2005, Inthavong et al., 2012, Wang and 
Chow, 2011). Flynn and Ljungqvist (1995) described human wake flow as a 
mixing zone characterized by vortices which entrain air into a reverse flow 
region. Early experimental studies investigated the effects of airflow patterns 
around manikins and its effect on contaminant concentrations (Heist et al., 
2003, Johnson et al., 1996). Numerical studies also visualised distinct wake re-
gions and unsteady vortex shedding from flow over static bodies (Murakami 
et al., 1999, Edge et al., 2005, Ge et al., 2013). However, representing a moving 
manikin with steady flow over a stationary manikin neglects any flow disturb-
ance caused by the manikin acceleration and deceleration. 
Recently a growing number of studies have laid emphases to the effects of 
human motion in the indoor environments such as hospital wards and clean 
rooms. Experimental studies examined the motion-induced wake patterns and 
their effects on contaminant distribution (Matsumoto and Ohba, 2004, Poussou 
and Plesniak, 2015, Bjørn and Nielsen, 2002, Han et al., 2015). Compared to 
experimental studies, Computational Fluid Dynamics (CFD) approaches have 
become more popular in studying indoor air flows (Heschl et al., 2013, Heschl 
et al., 2014), the human-induced wake flow (Choi and Edwards, 2012) and in-
door airborne particle dispersion (Inthavong et al., 2009, Li et al., 2012), owing 
to its advantages of low-cost and powerful visualisation capabilities. CFD 
methods have been able to qualitatively predict the characteristic of wake flow 
induced by obstacle motion (Brohus et al., 2006), and the human induced air-
flow and contaminant transport (Poussou et al., 2010).  
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The computational Eulerian or Lagrangian methods are often used to simulate 
the different types of contaminant transport. Hang et al. (2014) found that the 
concentration of tracer gases on the body was considerably influenced by body 
motion and ventilation conditions. Wu and Gao (2014) observed distinct vor-
tices in the wake region of a moving body under thermal conditions, and an-
alysed the dispersion of gaseous contaminant emitted from the body. Wang 
and Chow (2011) found that a faster human walking speed could effectively 
reduce the transport or suspension of contaminants for cough droplet disper-
sion. Choi and Edwards (2012) used the Immersed Boundary Method and 
found that a faster walking speed resulted in reduced mass transport from the 
contaminated room into a clean room.  
Numerical studies of contaminant dispersion with human-induced wake flow 
mostly considered the emission of pollutants from objects and the particle-
laden flow in compartments. In comparison, re-suspension of settled dust has 
only been discussed in mathematical models (Qian et al., 2014, Ferro et al., 
2004); while the inclusion of human movement is scarcely investigated. Floors 
are an important reservoir of human-associated bacteria, and the re-suspended 
floor dust caused by human walking has become an important contributor to 
contaminant concentrations (Goldasteh et al., 2014, Hospodsky et al., 2012, 
Tian et al., 2014) and experimental studies have confirmed the occurrence of 
particle resuspension caused by human activities. Qian and Ferro (2008) used 
optical particle counters in a full-scale test chamber and showed that ‘heavy 
and fast’ walking produced higher resuspension rates than less active walking. 
This was attributed to a combination of increased pace, increased air swirl 
velocity, and electrostatic field effects established by the walking. Similarly 
studies investigated human interactions with floor type (You and Wan, 2015), 
dust type and contaminant concentration in dust loads (Gomes et al., 2007). 
Thus, it is necessary to investigate the human-induced wake flow and its in-
fluence on the re-suspension of settled particles. In addition, an anthropo-
morphic geometry can provide more accurate results than simple geometries 
(Gao and Niu, 2005). Compared to simplified geometries which were com-
monly used to represent the human body in previous studies, there is a lack of 
studies regarding a realistic human manikin geometry. 
To better understand the effects of human-induced wake flow on particle dis-
persion and occupant exposure to contaminants, this chapter presents CFD 
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simulations using a realistic manikin model under various constant walking 
speeds. A dynamic mesh model was used for moving the manikin and the par-
ticle modelling used the Lagrangian approach. The impact of human-induced 
wake flow on particle dispersion from floors and the distribution of particle 
concentration in the flow domain were analysed. 
 Numerical Procedures 
 Cylinder Geometry for Model Validation 
The fluid dynamics of wake flow around human body comply with the prin-
ciple of the boundary layer separation when air flows over bluff bodies such 
as mounted vertical finite cylinders. Research into the flow field around fixed 
cylinders have provided insight into the major characteristics of bluff body 
aerodynamics and identified the main flow features of vortices such as 
 
       
 
Figure 4.1 Computational mesh for the mounted vertical cylinder (a) computa-
tional domain, (b) grids around the cylinder and (c) grids on the prism layer. 
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downwash flow and recirculation regions extending downstream behind the 
bluff body (Kawamura et al., 1984, KrajnoviĆ, 2011, Wang and Zhou, 2009). To 
validate the numerical modelling accuracy, simulations of near wake flow 
around mounted vertical cylinders were conducted and validated against PIV 
measurements by Rostamy et al. (2012). The computational domain was a cu-
boid with dimensions of 1.96m × 0.91m × 1.13m. A circular cylinder with a 
diameter of 31.5mm and an aspect ratio (H/D) of 3 was mounted at a distance 
of 900mm from the leading edge (Figure 4.1a). The vertical cylinder has similar 
aspect ratio with our manikin model (discussed later). The free stream velocity 
was U = 20 m/s, turbulence intensity less than 0.6%, giving a Reynolds number 
of 42000 based on the cylinder diameter. 
To solve the boundary layer separation in the viscous sub-layer on the cylin-
der surface, 10 layers of prism cells were extruded from the surface with an 
initial grid spacing of 1×10ିସ m (Figure 4.1b and c). This produced a dimen-
sionless wall distance (y+) of less than 5 to keep the first grid point within the 
viscous sub-layer and ensure a sufficient number of grid points within the 
 
 
      
 
  Figure 4.2 (a) Computational domain of the room; (b) Prism layers and mesh 
generation around the manikin surface and (c) hex-core cell elements used in the 
room environment 
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buffer region where turbulent production rapidly increases. The y+ term is 
defined as y+ = 𝜇ఛ𝑣/𝜐, where y is the distance normal to the wall, ν is the 
kinematic viscosity, and 𝜇ఛ  is the friction velocity defined as 𝜇ఛ = ඥ𝜏௪/𝜌 , 
where 𝜏௪ is the wall shear stress and ρ is the air density. Structured hexahe-
dron meshes with total grid amount of 3.1 million were generated. The flow 
domain was calculated by applying identical ambient flow conditions with the 
experiment data, and the time step size for the unsteady process was 1×10ିଷ 
sec. 
 Indoor Room Model Geometry 
The computational domain was a room with dimensions of 4m (x-coordinate) 
×6.5m (y-coordinate) × 3.0m (z-coordinate). A manikin model (1.7m-height, 
0.58m-width) was located at x = 0 m, y = 0 m, facing the +y direction with a 
distance of 1 meter to the back wall (Figure 4.2a). The manikin moved at a 
constant speed of 0.4m/s, 0.8 m/s, or 1.6m/s for a distance of 3 meters. Taking 
the body width as the hydraulic diameter, the corresponding Reynolds num-
bers were between 15,000, 31,000 and 62,000. Unstructured tetrahedral cells 
and prism layers were generated around the manikin surface, while a hex-core 
filled inside the room Figure 4.2b, and c. To capture boundary layer separation 
around the manikin, 10 prism layers were generated on the manikin surface 
to keep the dimensionless wall distance y+ < 5. The layering mesh method was 
used to update the moving manikin grid at each new time step. 
A grid independence study was conducted by reducing individual cell spacing 
by a factor of 1.3 consecutively and plotting the velocity magnitude along a 
horizontal and vertical line behind the manikin (Figure 4.3). The horizontal 
line was 0.25m behind the body at a height of 1.0m (labelled line-1), while the 
vertical line was centred and 0.25m behind the body (labelled line-2). We 
started with a grid of 0.9 million and subsequent grids of 1.7 million, 3.6 million, 
and 6.9million were made. The velocity profiles showed convergence between 
mesh size 3.6 million and 6.9 million and for computational efficiency and ac-
curacy, the 3.6-million model was chosen for the remainder of this case. 
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 Airflow Modelling 
For a 3-dimensional time-dependent incompressible flow, the Reynolds-aver-
age Navier-Stokes equations were solved for the fluid phase. The general 
transport equation for continuity, momentum and turbulent quantities are 
given as follows: 
𝜕𝜙
𝜕𝑡
+
𝜕(𝑢𝑖𝜙)
𝜕𝑥𝑖
=
𝜕
𝜕𝑥𝑖
[𝛤
𝜕𝜙
𝜕𝑥𝑖
] + 𝑆𝜙 (5.1) 
where, 𝜙 represents the general variable, 𝑢௜  is the velocity vector, 𝛤 repre-
sents the diffusion coefficient and 𝑆థ represents source terms. The human mo-
tion in the computational domain was achieved by a laying dynamic mesh. 
 
 
Figure 4.3 Mesh independence study: comparisons of velocity simulation results 
of four grids: (a)velocity profile on line-1 (horizontal); (b)velocity profile on 
line-2 (vertical). 
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The conservation equation for a general scalar with a moving boundary can 
be written as: 
𝜕
𝜕𝑡
න 𝜌𝜙𝑑𝑉
௏
+ න 𝜌𝜙൫𝑢ሬ⃑ − 𝑢ሬ⃑ ௚൯ ∙ 𝑑𝑨
𝑨
= න𝛤𝛻𝜙 ∙ 𝑑𝑨
𝑨
+ න 𝑆థ𝑑𝑉
௏
 (5.2) 
where, ρ is the fluid density, 𝑢ሬ⃑  is the flow velocity vector; 𝑢ሬ⃑ ௚ is the grid veloc-
ity of the moving mesh, 𝑨 is the boundary of the control volume V, Γ is the 
diffusion coefficient, 𝑆థ is the source term. 
In this chapter, model validation compared the RNG k-ε model with the Shear 
Stress Transport (SST) turbulence model. The RNG k-ε model has shown high 
accuracy, computing efficiency and robustness for modelling indoor environ-
ments (Zhang et al., 2007). The SST model is a blended k-ε/k-ω model proposed 
by Menter (1994) which predicts free stream turbulence quantities with the k-
ε model, and predicts more accurately boundary layer separation flows in ad-
verse pressure gradients with the k-ω model. The commercial CFD code AN-
SYS-Fluent was used for the modelling and the discretization involved the 
QUICK scheme for momentum, and the SIMPLE algorithm for pressure-veloc-
ity coupling. The second-order upwind scheme was used for the convection 
and diffusion terms. The time step size was set as 0.005s and the mesh was 
updated at each time step matching the manikin movement. 
 Particle Modelling 
The Lagrangian particle trajectory-tracking model, based on the particle force 
balance equation, was used to track particle transport and its deposition, given 
as: 
𝜕𝑢𝑝
𝜕𝑡
= 𝐹𝐷⎝
⎛𝑢 − 𝑢𝑝) +
𝑔(𝜌𝑝 − 𝜌)
𝜌𝑝
+ 𝐹𝑥 (5.3) 
 
where 𝐹஽(𝑢 − 𝑢௣) is the drag force per unit particle mass and 𝐹஽ is defined 
using the spherical drag law; u is the fluid phase velocity and up is the particle 
velocity; ρ is the fluid density and ρp is the particle density. 𝐹௫ is additional 
forces and the major particle driving force considered for micron particles in 
this study was the Saffman lift force (Chang and Hu, 2008). 
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To examine the effects of human motion on indoor particle dispersion, 2.5µm 
particles (otherwise known as PM2.5 where PM = particulate matter) were dis-
tributed on the floor centred at y = 1.5m, with surface area of 0.5m × 0.5m. The 
particle mass was set to 120mg. The boundary conditions for the particles on 
the human surface and walls were set as trap which assumed that the particle 
tracking ceased once the particle touched the wall surface. 
The re-suspension factor (R) was used to describe the level of re-suspension of 
particles, defined as R = C/L (Qian et al., 2014), where C is the airborne con-
centration of indoor PM (particles per m3), and L is the concentration of sur-
face-bound particles in the indoor ﬂooring (particles per m2). In our simula-
tions, only re-suspension induced by walking speeds was compared, while the 
adhesion of particles to surfaces was not considered, which could affect the 
result comparisons with experimental data of real situations. 
 Results and Discussion 
The numerical results of the phase-average velocity field on the centre plane 
and the measured data are compared in Figure 4.4. The immediate downwash 
flow that originated near the free end and persisting in the stream-wise direc-
tion was observed from the simulated results. A tip vortex below the free end 
and the other near the cylinder-wall junction were captured. Minor differences 
occurred at the locations of the saddle points related to the two vortices, and 
the prediction in the u and w velocity components. The RNG model showed 
better performance over the k-SST in predicting the velocity distribution in 
the near wake region. Overall, the reasonably good agreement concluded from 
the comparisons showed that the proposed numerical approach was reliable 
for the wake flow prediction behind a bluff-body with good accuracy. 
 Air Flow Patterns of the Human Induced Wake Flow 
To compare the unsteady aerodynamics under different walking speeds, the 
non-dimensional time is defined as T = t/(S/V), where t is the walking time 
non-dimensionlized by the walking distance S = 3m under various walking 
speed (V). Thus, for all the testing condition, the manikin came to a stop at 
dimensionless time T = 1, and the residual wake was examined until T = 4. 
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The fluid dynamics of the human wake are shown through plots of the velocity 
vectors on the vertical middle plane (yz = 0m) and the vertical plane through 
the right leg (yz = 0.11m) under a walking speed of 0.8m/s at the dimensionless 
time of T = 0.33, T = 1 (stopped moving) and T = 2, representing the manikin 
walking distance of 1m, and stopping at 3m (Figure 4.5). The velocity field was 
non-dimensionalized by the walking speed. The disturbed air formed a trian-
gular region behind the body and the wake size grew during walking. After 
the manikin stopped, the wake shrunk while the disturbed airflow kept mov-
ing forwards due to its inertia. 
 
 
Figure 4.4 Results comparison between the CFD simulations and PIV measure-
ment data on the centre plane of (a) streamlines (b) normalized u-velocity com-
ponent (c) normalized w-velocity component. 
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Streamlines originating from the body were used to determine the local flow 
behaviour around the manikin (Figure 4.6). During walking, the airflow be-
haviour changed at different heights of the body. The disturbed air near the 
upper body generated an upward flow in the moving direction and a signifi-
cant downwash towards the back. The highest velocity in the flow field was 
approximately 1.2 times the walking speed at the region near the back and the 
buttocks. Due to the pressure increase at the front face and the pressure drop 
at the rear during the motion in the confined space, the airflow was driven 
from the front body towards its rear. When viewed from the right-hand side 
of the body to the vertical middle plane, a spherical-type anti-clockwise 
 
 
Figure 4.5 Flow field comparisons at dimensionless time T = 0.33, T = 1 and T = 2: 
(a) velocity vectors on the vertical middle plane ((M) yz=0m); (b) velocity vectors 
on the vertical plane through the right leg ((L) yz=0.11m); (c) velocity field non-
dimensionalized by the walking speed (V = 0.8m/s) 
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recirculation region was formed immediately above the head, and with the 
continued motion the recirculation region stretched downwards (Figure 4.6). 
At the lower part of the body, there was a significant jet protruding from the 
thigh gap, but after that it counteracted against the downwash from the upper 
body, thus forming a stagnant region behind the lower part of the leg. The 
velocity field on the vertical plane through the leg showed similar flow char-
acteristics (Figure 4.5b). In the front region of the legs, the disturbed air moved 
forward and downward towards the ground, which would wield influence on 
the dispersion of floor contaminants. The vectors generated at the feet showed 
an upward trend that would induce the particles to lift off the ground and 
move upwards. 
Figure 4.7 shows contours of vorticity ωx magnitude in the vertical mid-plane 
(yz = 0m) at non-dimensional time of T = 0.33, 1 and 4. A strong negative vor-
ticity concentration convected off from the head and shoulders, indicating an 
anti-clockwise circulation region at the back of the upper body where the sig-
nificant downwash occurred. Besides, a strong positive vorticity protruding 
 
    
 
Figure 4.6 Streamlines on the vertical mid-plane at (a) T = 0.33, (b) T = 1 and 
(c) the 3D view of the volume streamlines during the walking process under 
the walking speed of 0.8 m/s 
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from the gap of the legs identified a clock-wise circulation against the down-
wash circulation behind the upper body. The counter-rotating vortex shedding 
then stretched downwards into the wake region. The vorticity contour showed 
consistency with the flow field analysed earlier. At the back of the body, the 
downwash counteracted with the jet between legs thus inducing the jet to flow 
downwards and re-circulate in a clockwise direction, which further enhances 
particle re-dispersion once the manikin walks pass the source. The upper flow 
circulation also enhances the particles to disperse higher. When the manikin 
stopped moving, the vortices gradually descend towards the ground through 
the gaps of legs into the front direction. 
 
 
Figure 4.7 Vorticity ωx magnitude on the vertical middle plane under a walk-
ing speed of 0.8m/s at dimensionless time (a) T=0.33; (b) T=1 and (c) T=4. 
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Overall, airflow generated by the upper body flowed upward in the front re-
gion and downward towards the back. Despite the lateral airflow induced by 
the lower body due to the suppression from the upper flow, the airflow gen-
erated by the lower legs and foot had a substantial effect on inducing the par-
ticles to flow upwards. After the manikin stopped, the flow towards the back 
changed into an upward flow over the head and a downward flow through the 
gap of the legs. The airflow characteristics under different walking speeds 
would induce different particle dispersion results. 
 Effects of Human Motion on Particle Dispersion 
The suspended particle trajectory (Figure 4.8), mass concentration (Figure 4.9) 
and suspension factor (Figure 4.10) under the same non-dimensionalized time 
are compared. The re-suspension factor R = C/L (Qian et al., 2014) was calcu-
lated at several certain time steps during walking and after the motion stopped. 
C, the airborne concentration of indoor PM, was obtained from the particle 
mass at the current time step (reported by the software FLUENT) divided by 
the space volume; and L, the concentration of surface-bound particles in the 
indoor ﬂooring, was calculated from the mass of particle source divided by the 
surface area of the ground. As the manikin moved (T = 0.33), some of the par-
ticles lifted from the floor upwards and slightly forward. This was due to the 
forward and downward trend of airflow induced by the lower part of legs, thus 
starting suspension before the manikin had reached the initial location of the 
particle source. As the manikin moved passed the particle source, the upward 
flow in the circulation region behind the legs continued to take the particles 
towards the back of legs, while the downwash at the back helped to contain 
the particles to a smaller region. At the same time, some particles in the front 
of the body had already ascended to the breathing zone where the airflow 
generated by the upper body flowed upwards, thus resulting in an adverse 
situation of high particle concentrations in the breathing zone. 
For the same walking distance, a lower walking speed (0.4m/s) resulted in re-
duced suspension but more scattered dispersion. The particle clusters with 
concentration above 3mg/m3 ascended into the breathing zone and even 
higher beyond the head when the manikin walked past the particle source. For 
a faster walking speed (1.6m/s) nearly twice the amount of suspension was 
generated due to higher momentum (Figure 4.10a), but the particles were less 
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scattered when the manikin passed the same position. High concentration of 
particles was found at the leg level and less ascended to the breathing zone 
under a higher walking speed (Figure 4.9). This was because within the same 
walking distance, a walking speed of 0.4 m/s allows 4 times the duration of 
particle-flow interaction compared to a walking speed of 1.6 m/s, thus dispers-
ing more widely with sufficient contact between the disturbed air and particles.  
However, under a faster walking speed, the manikin escaped the contaminated 
area quicker before the particles could ascend to the breathing level. With the 
particle source left behind, the stagnant region and downward airflow at the 
rear of the body helped to contain the particle suspension, therefore avoiding 
high exposure to contaminants. 
After the manikin stopped at dimensionless time T = 1, the wake continued to 
propagate and transport the particles forward and consequently the particle 
 
 (a)  
 
(b)  
 
Figure 4.10 Comparisons of particle re-suspension factor under 3 walking 
speeds (0.4m/s, 0.8m/s and 1.6m/s) over (a) dimensionless time (b) real time 
(solid markers indicated the stop of motion) 
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dispersion remained influenced by the residual wake flow. Up to the time T = 
4, the particle mass concentration near the body decreased significantly. Some 
dense particle clusters were assembled near the front of the legs as the vortices 
moved forward through the leg gaps. The particles then began to settle due to 
gravitational effects. However, the time for particles to deposit from flow dis-
turbances took much longer time than the recovery of airflow velocities. 
Figure 4.10a shows the comparison of particle suspension factors under three 
walking speeds (0.4m/s, 0.8m/s, 1.6m/s) at the same dimensionless time. The 
trend reflected a higher suspension amount under faster walking speeds, and 
similar trend in the depletion of contaminant concentration with time. During 
manikin motion, the suspension factor dropped rapidly owing to the forced 
interaction between the body and particles which led to more particle capture 
by the surfaces and the ground. After the manikin stopped, the particles were 
transported by the residual airflow thus slowing down any further deposition. 
When the suspension was compared under real time (Figure 4.10b), the sus-
pension factor for the three walking speeds showed minor differences. A 
quicker deposition occurred for a faster walking speed during walking. For a 
walking speed of 1.6m/s, the manikin induced a substantial suspension at the 
beginning and quickly dropped the suspension factor by 28.5% within 1.25 sec-
onds. With a lower walking speed of 0.4m/s, the reduced particle deposition 
resulted in a slower decrease of suspension factor by 25% within 5 seconds 
during walking, thus having more time for particles to scatter widely. 
Overall, the suspension induced under various walking speeds was related to 
both the strength and interacting time between the manikin and particles. The 
quicker the human walked pass the contaminant resource, the lower height 
that contaminates ascended and safer from the exposure to contaminate. 
 Conclusion 
This chapter presented unsteady simulations of the wake flow induced by a 
moving manikin in a confined room and its influence on particle dispersion 
from floors was discussed. The simulated flow field showed a recirculation 
region after the free end of the head, an upward flow in front of the upper 
body and a downwash flow at the back where highest velocity in the flow field 
occurs. At the lower part of the body, the wake flow gradually became 
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horizontal due to the suppression by the airflow from the upper body. But the 
airflow induced by the lower part of the legs induced an upward trend of air-
flow, which became the major contributor for particles to lift off the ground. 
A pair of counter-rotating vortices was formed behind the moving manikin, 
one convecting off the head and another protruding from the gap of legs and 
extending downwards in the wake region. When the manikin stopped walking, 
the residual flow disturbances diminished downward and forward. 
The particles on the floors were significantly disturbed by the motion induced 
flow, thereby lifting off the ground and dispersing into the ambient air. The 
slower walking speed induced less amount of suspension when the manikin 
walked through the same position, but the particles were more scattered 
within the indoor space due to a longer period of interaction between the body 
and particles, thus generating high concentration of particles near the breath-
ing region which would cause hazard inhalation issues. When the manikin 
walked through more quickly within the same distance, more particles lifted 
off the floor, the dispersion was less dispersing, and particles ascended to a 
lower height. Comparisons between walking speeds showed a higher walking 
speed was conducive to avoid high particle concentration in the inhalation 
region owing to the instant contact between the body and particles. When the 
manikin stopped moving, particles continue to spread into the ambient air and 
deposit towards the lower part of the front body due to the residual ﬂow dis-
turbances, and the particle concentration gradually diminished over time. This 
chapter provided some insight into the flow and particle dynamics. The parti-
cle suspension and its factor was significantly influenced by the moving man-
ikin. 
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Comparisons of Wake Flow Between 
Swinging Motion and Rigid Motion 
The main findings of this chapter have been published in: 
 Tao, Y., Inthavong, K. & Tu, J. Y. (2017). A Numerical Investigation of 
Wind Environment around a Walking Human Body. Journal of Wind 
Engineering and Industrial Aerodynamics, 168, 9-19.  
DOI: 10.1016/j.jweia.2017.05.003, IF = 2.689, Q1 
 
 Tao, Y., Inthavong, K. & Tu, J. Y. (2016). A numerical investigation of 
wake flow characters during human gait cycle in the indoor environ-
ment. 20th Australasian Fluid Mechanics Conference (AFMC), 5-8 Dec, 
Perth, Australia.  
 
Human-induced wake flow characteristics and its interaction with thermal 
conditions was investigated by performing CFD simulations with dynamic-
meshing of a moving manikin model. The manikin motion with and without 
swinging limbs was achieved by the re-meshing method to update the grid 
with each time step. The results focused on determining what discrepancies 
are produced in the flow field by a simplified geometry in the form of a cylin-
der, swinging limbs and thermal conditions; and whether such assumptions 
can be made for larger multi-body analysis. Using a cylinder showed differ-
ences in the velocity field behind the head and leg gap. The flow field between 
the rigid motion and swinging limb motion, showed significant discrepancies 
which corresponded to the gait phase. There were increased airflow disturb-
ances at the hands and ankles (furthest body parts from the pivot point). The 
influence of thermal plume on the wake flow was minor during walking mo-
tion because of the walking speed of 1.2m/s which dominated the buoyant 
thermal plume velocity. However, after the manikin stopped moving the ther-
mal plume velocity became comparable to the residual wake. 
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 Introduction 
Wind flowing over a human body influences thermal comfort (Sasaki et al., 
2000) and pollutant exposure in outdoor conditions. Its fluid dynamics have 
primarily been investigated by considering a stationary human body exposed 
to an oncoming wind (Inthavong et al., 2013a, Se et al., 2010, Irwin, 2008, 
Murakami and Deguchi, 1981, Inthavong et al., 2012, Li et al., 2014). The in-
duced wake exhibits similarities to boundary layer separation of flows over 
bluff bodies, where a mixing zone of vortices entraining air into a reverse flow 
region is formed (Flynn and Ljungqvist, 1995, Mahjoub Said et al., 2008, Zhang 
et al., 2016). Therefore, simplified geometries such as vertical finite cylinders 
and cuboids were used as substitutes for human bodies (Poussou et al., 2010, 
Thatcher et al., 2004). This leads to discrepancies in flow features due to the 
simplified geometry. For example, when legs are considered as two cylinders 
instead of one single thick cylinder, there is increased mixing in the wake, 
influenced by the gap width (Edge et al., 2005, Flynn and Ljungqvist, 1995). 
Another issue that arises with flow over a stationary manikin is the flow sep-
aration at the feet which neglects flow disturbances caused by the manikin 
motion; thus, the near wake characteristics during walking are only partially 
represented. 
A second factor to consider is the effects of heat transfer leading to thermal 
plumes from the human body. Murakami et al. (1999) investigated the thermal 
and dynamic effects of 0.25m/s and 2.5m/s wind on stationary bodies. Velocity 
and temperature fields around the body revealed a thin layer of warm rising 
air around the body under a stagnant or weak wind environment; but this 
disappeared when the wind velocity increased. Combining a wind tunnel ex-
periment and CFD, Li and Ito (2014) and Ono et al. (2008) showed thermal 
plumes emitting from around a human body in an outdoor environment. 
Therefore, the effect of heat transfer is an important component for wind flow 
over a human body.  
Flow measurements of moving bodies presents significant challenges due to 
set up, large scales, and its dynamic nature. There are a few studies that have 
investigated the fluid dynamics from a moving manikin including: Inthavong 
et al. (2017) who investigated an isothermal 1/5th scaled rigid moving manikin 
model; Luo et al. (2015) and Oliveira et al. (2014) who investigated natural and 
 58 
 
forced convection heat transfer from a moving thermal manikin in rigid mo-
tion. In the thermal model studies, the heat transfer coefficient increased as a 
power exponent function with increase of the moving speed.  
Recently a growing number of computational studies have laid emphases on 
the effects of human activity on the wake dynamics. CFD with dynamic mesh 
advances the modelling capability to capture transient effects of manikin mo-
tion. This was used to qualitatively capture the wake flow from moving blocks 
(Brohus et al., 2006, Poussou et al., 2010). Realistic anthropomorphic manikins 
have also been used as they provided more realistic results in the near-body 
regions (Choi and Edwards, 2012, Gao and Niu, 2005, Hang et al., 2014, Ma-
zumdar et al., 2010, Oberoi et al., 2010, Wu and Gao, 2014, Tao et al., 2016). 
While these studies are gradually developing its complexity by being inte-
grated with particle modelling for air quality assessments, some characteris-
tics of the dynamic wake induced by the walking motion that is modelled, 
remains unclear. For example, there are differences in flow field due to a mov-
ing rigid body motion, and that of a swinging human gait cycle, and in com-
bination with a thermal plume. These processes are important for understand-
ing exposure to airborne contaminants which can be prevalent in the urban 
environments (e.g. pollutants, and exhaust fumes in pedestrian / urban streets). 
This chapter is to understand the fundamental fluid dynamics of the wake flow, 
in particular, for flow separation over bluff bodies in motion. The investiga-
tions into the motion-induced wake flows were closely related to practical ap-
plications such as wind turbines (Abdelsalam et al., 2014, Lam and Peng, 2016) 
and pollutant transport induced by vehicle motions in tunnels (Chung and 
Chung, 2007, López González et al., 2014) and urban street canyons (Solazzo 
et al., 2008). The wake flow generated by human activities highly interests the 
assessment of air quality as the human activity constitute an important factor 
to influence the exposure to air pollutants in both indoor and outdoor work-
places. 
In this chapter, the numerical setup was first validated with experimental data 
of a simplified cylindrical body, before being applied to a manikin under rigid 
and swinging motion. Thermal and isothermal conditions were also evaluated 
to examine the interaction between the thermal plume and the effects of mo-
tion. The results focused on the spatial and temporal characteristics of the flow 
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field and vortex structures. The range and strength of the flow field around 
the manikin would be explored in order to show the area of disturbed airflow, 
where observable potentials to influence the transport of contaminants could 
be deduced. The thermal analysis was to address under which circumstances 
the thermal plume is valuable or negligible by comparing the relative magni-
tude between the thermal plume and the motion-induced airflow.  
 Method 
 Cylinder Geometry for Model Validation 
To validate the numerical model setup, a transient simulation of near wake 
flow around a vertical cylinder was performed. The solution was time-aver-
aged and its velocity field was compared with PIV measurements by Rostamy 
et al. (2012). A circular cylinder with a diameter of 31.5mm and an aspect ratio 
(height/diameter, h/D) of 3 is similar to the manikin model. The cylinder was 
placed inside a computational domain with dimensions of 1.96m × 0.91m × 
1.13m. The free stream velocity was U = 20 m/s giving a Reynolds number of 
42000 based on the cylinder diameter, and a turbulence intensity of 0.6% based 
on Rostamy et al. (2012).  
To solve the boundary layer separation in the viscous sub-layer on the cylin-
der surface, 10 prism cell layers were extruded with a first cell grid spacing of 
1×10-4 m. This produced a dimensionless wall distance (y+) of less than 5 
within the viscous sub-layer and ensured enough grid points within the buffer 
region where turbulent production rapidly increases. A structured hexahedral 
mesh with 3.1 million cells was generated and a time step of t = 1×10-3 s was 
used. 
 Manikin Model and Boundary Conditions 
A manikin with dimensions of 1.7m-height, 0.58m-width, and aspect ratio h/D 
= 2.93 was placed in a computational domain of 2.6 m (x-coordinate) × 6.0m 
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(y-coordinate) × 2.7 m (z-coordinate). The coordinate system located the man-
ikin at an initial standing position at x = 0 m, y = 0 m, facing the +y direction 
1m from the back wall (Figure 5.1a). To capture the boundary layer separation 
around the manikin, 10 prism layers were generated on the manikin surface 
to keep the dimensionless wall distance y+ < 5. For the dynamic meshing, the 
domain was re-meshed at each time step to update the moving manikin. 
The number of steps per second (called cadence) and the walking speed of a 
person are subject to various human factors. We assumed a cadence of 2 steps 
per second with a mean walking speed of 1.2 m/s based on gait parameters 
presented in Al-Obaidi et al. (2003). To reduce the computational demand of 
dynamic meshing, walking gestures were simplified as swinging pendulums 
with the base taken at the shoulder and hips, and therefore no bending of 
knees and elbows. The total ﬂexion angle for the arms and legs were 60° and 
 
 
Figure 5.1 (a) Computational domain of the room, x- y- z- coordinates are in 
meters; (b) Prism layers and tetrahedral mesh generation around the mani-
kin body 
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40° based on Han et al. (2013) and the rotating limb angular velocities were 
calculated from the length of limbs, the swinging period, and walking speed. 
The gait cycle was achieved by defining the angular limb velocities through a 
User-Defined-Function (UDF) in the commercial CFD software ANSYS Fluent 
v16 (Figure 5.2). Under the walking speed of 1.2m/s, the manikin had walked 
for a distance of 3.6 meters under a velocity of 1.2m/s thus travelled for 3 sec-
onds and then stopped for 3 seconds. 
In numerical studies, the body temperature is usually set in the range of 30.3°C 
to 33.7°C (Murakami et al., 1999, Salmanzadeh et al., 2012, Li et al., 2013). In 
this chapter, the manikin used a fixed surface temperature of 32°C, with an air 
temperature of 22°C. Since our objective was to compare the thermal plume 
around the manikin during walking, the convective heat transfer from the 
body surface was the main contributor, and radiation, evaporation, and respi-
ration were not considered. Likewise, clothing was not considered. A grid in-
dependence study was conducted by consecutively reducing individual cell 
spacing by a factor of 1.3. We started with a grid of 0.9 million and subsequent 
grids of 1.7 million, 3.6 million, and 6.9 million were created. Velocity profiles 
along a horizontal and vertical line behind the manikin showed convergence 
between mesh size 3.6 million and 6.9 million. For computational efficiency 
and accuracy, the 3.6-million model was chosen for the remainder of this case.  
 
 
Figure 5.2 Gait cycle in the simulation within a normal gait cycle (1 second). 
The walking speed is 1.2m/s 
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 Air Flow and Heat Transfer Models 
The manikin motion in the computational domain was achieved by the layer-
ing and re-meshing dynamic mesh methods. For a general scalar 𝜙 on an ar-
bitrary control volume V with a moving boundary, the integral form of the 
conservation equation is given as: 
𝜕
𝜕𝑡
න 𝜌𝜙𝑑𝑉
௏
+ න 𝜌𝜙൫𝑢ሬ⃑ − 𝑢ሬ⃑ ௚൯ ∙ 𝑑𝑨
డ௏
= න 𝛤𝛻𝜙 ∙ 𝑑𝑨
డ௏
+ න 𝑆థ𝑑𝑉
௏
 (5.1)
where, 𝜙 represents a scalar, ρ is the fluid density, 𝑢ሬ⃑  is the flow velocity vector; 
𝑢ሬ⃑ ௚ is the grid velocity of the moving mesh, 𝑨 is the boundary of the control 
volume V, Γ is the diffusion coefficient, 𝑆థ is the source term. Under thermal 
conditions, the buoyant force is resulted from the density gradients in the ver-
tical direction and is considered using the Boussinesq approximation, which 
retains the density variation in the buoyancy term in the vertical component 
while the density is a constant in the inertial terms and the continuity equation.  
Previous studies showed that for a thermal body in still air, a convective lam-
inar boundary layer formed at the feet. As the flow proceeded up the legs by 
the buoyancy forces, the flow transitioned to a turbulent flow in the upper 
body (Craven and Settles, 2006). We evaluated two turbulence models based 
on Tominaga (2015)’s study on steady and unsteady RANS turbulence models 
which showed the unsteady RNG k-ε model was able predict the velocity and 
total kinetic energy fields better than the k-ω SST model for flow separation 
over a building. However, the unsteady RNG model overestimated the reat-
tachment lengths of flow over the roof, and behind the buildings. Furthermore, 
the k-ω SST was the only URANS model (from the five tested) that successfully 
reproduced unsteady fluctuation behind the building. While this has signifi-
cant bearing for unsteady flows over stagnant bodies, the reversed reference 
frame of a moving body in a stagnant flow field will naturally induce flow field 
fluctuations. Our model validation compared the results from the RNG k-ε 
model with the Shear Stress Transport (SST) turbulence model. The discreti-
zation schemes used were the QUICK scheme for momentum, second-order 
upwind for the convection and diffusion terms, and the SIMPLE algorithm for 
pressure-velocity coupling. The time step was 0.002s and the mesh was up-
dated at each time step matching the manikin movement. 
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 Results 
 Air Flow Patterns Across a Vertical Cylinder  
The averaged velocity field on the centre plane of the vertical cylinder (shown 
in Figure 4.4) was compared with measured data by Rostamy et al. (2012). The 
immediate downstream flow that originated around the free end (top cylinder 
surface, free from other surfaces), and persisting in the stream-wise direction 
was observed in the simulated results. There are two downstream vortices 
within the wake; one was the tip vortex at the free end which both turbulence 
models capture, and the other was the base vortex near the cylinder-floor junc-
tion which only the RNG k-ε model captured. The saddle point separating the 
two vortices was slightly captured by the RNG k-ε model and not at all by the 
kω-SST model. Both turbulence models showed minor differences in the pre-
diction in the v and w velocity components.  
Figure 5.3 shows the comparisons of the normalized streamwise and vertical 
velocities on 3 vertical lines behind the cylinder at y/D = 1, y/D = 2 and y/D = 
3 between PIV measurement data by Rostamy et al., CFD simulations using 
 
 
Figure 5.3 Comparisons of (a) normalized v-velocity component (v/U), (b) nor-
malized w-velocity component (w/U) on 3 vertical lines behind the cylinder at 
y/D = 1, y/D = 2 and y/D = 3 between PIV measurement data by Rostamy et 
al., CFD simulations using RNG turbulence model and CFD simulations using 
kω-SST turbulence model. 
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RNG k-ε turbulence model and CFD simulations using kω-SST turbulence 
model. The RNG k-ε model had shown a good agreement with the measured 
data from the near-body to the downstream region, despite a small deviation 
of the streamwise velocity v/U close to cylinder-floor junction close to where 
vortices from different directions converged. 
Overall the RNG k-ε model showed better performance over the kω-SST in 
predicting the velocity distribution in the lower half of the near wake region. 
 Flow Pattern Comparison Between Vertical Cylinder 
and Manikin 
For simplicity, vertical cylinders and idealized geometries have been used as a 
surrogate for realistic human body geometries, leading to different flow dy-
namics. We compared the discrepancies in flow behaviour between the cylin-
der and manikin by using a free stream velocity of U = 3.6 m/s for the manikin 
to achieve a consistent Reynolds number with the cylinder. The streamline 
and velocity distributions for the manikin are shown in Figure 5.4. Qualita-
tively we find multiple recirculation regions in the near wake of the manikin 
 
 
Figure 5.4  CFD simulation results of streamlines, normalized v-velocity com-
ponent (v/U), normalized w-velocity component (w/U) of a (a) cylinder and 
(b) stationary manikin on the centre plane 
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which are not observed in the cylinder. This is caused by the presence of the 
air gaps between the arm and body, and legs. For the cylinder, flow separation 
occurred at the leading edge of the top surface, resulting in a small recircula-
tion region and reattachment towards the trailing edge. The flow separated 
again below the trailing edge and a large recirculation region formed behind 
the cylinder. At similar positions to the cylinder, the manikin head with its 
streamlined shape, produced no separation at the front of the head, and only 
separated at the back of the head forming a main recirculation region similar 
to the cylinder. 
More complex recirculation regions were produced behind the manikin due to 
the asymmetrical manikin shape. An anti-clockwise recirculation developed 
at the upper leg gap, which counteracted with the downwash of air, forming 
a pair of counter-rotating vortices behind the torso. The streamwise and ver-
tical velocity fields (normalized by the freestream velocity magnitude U) 
showed some similar patterns in the upper third of the manikin and cylinder. 
For the remaining region below, there were significant flow differences due to 
the additional air gaps from the presence of the arms and legs.  
 
 
Figure 5.5  Comparisons of normalized streamwise velocity components (v/U) 
(a) on 3 vertical lines behind the stationary cylinder and manikin at y/D = 1, 
y/D = 2 and y/D = 3 and (b) on 3 horizontal lines at heights of z/h = 0.3, z/h = 
0.65 and z/h = 0.95 behind the stationary cylinder and the manikin at y/D = 
1.  
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Normalized streamwise velocity v/U profiles shown in Figure 5.5a were taken 
along three vertical lines progressively downstream at y/D = 1, 2, 3 from the 
manikin in the wake region along the centre plane (x = 0). The velocity profiles 
between the two bodies are similar in the upper body because of the similar 
bulk shapes. The profiles consistently deviated from each other below z/h = 
0.5 (halfway mark of the geometries) where the manikin shape showed an in-
crease in the streamwise velocity. This led to a deviation in streamwise veloc-
ity of up to 90% caused by the gap between the legs in the manikin allowing 
oncoming wind to pass through. Downstream from the body the flow begins 
to recover and the differences caused by different geometry shapes diminishes.  
Profiles were also taken along three horizontal lines from the floor upwards 
at distances of z/h = 0.3 (knee), 0.65 (waist), 0.9 (head) behind the manikin at a 
distance of y/D = 1 downstream of the manikin (Figure 5.5b). Discrepancies in 
the velocity profiles were largest reaching 42% at knee height, z/h = 0.3 (ve-
locity behind the cylinder decreased to -0.1 m/s and the manikin decreased to 
0.7 m/s). The wake width at this position for the manikin was thinner and its 
velocities greater than for the cylinder. At waist height at z/h = 0.65, the ve-
locity profiles were almost the same due to the similar solid shaped bodies, 
while at head height at z/h = 0.95, the velocity profiles deviated slightly due to 
the presence of the head in the manikin model.  
 Differences Between Rigid Motion and Swinging Mo-
tion  
Figure 5.6 shows velocity contours and vectors on the mid-plane (x = 0m) and 
at the plane through the right leg (x = 0.11 m) under a rigid and swinging 
motion at different time steps. The velocity contours are not shown for veloc-
ities below 0.10m/s. The induced velocities were created from the relative mo-
tion between stationary and fixed stagnant fluids. In the upper body this is 
evident from the high velocities along the body and a trailing wake forms. 
Vectors show the fluid moves upwards and around in a semi-circle from the 
head returning into the wake as it becomes entrained into the flow. Velocity 
vectors in the wake move back into the wake towards the manikin. In the front 
of the body the vectors are directed forwards suggesting that the fluid is 
pushed away as the body moves through the flow field.  
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Figure 5.6 Velocity contour and vectors on the (a) centred plane, x = 0m and 
(b) on the right leg at plane x = 0.06 m under rigid motion and swinging mo-
tion 
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The mid plane contours show little difference in the flow field in the upper 
body caused by the different walking motion shearing forces induce velocities. 
In the lower body where the legs swing, the contours form around the swing-
ing leg which is not found for the rigid body. The velocity contours on the 
right leg at plane x = 0.11m shows high velocity at the gap between the arm 
and body. This suggests that high velocities are formed at separation regions 
around the body through the relative motion of the moving body. The shape 
of the velocity wake shows slight differences.  
The major differences between the wake flow generated by the two types of 
motion occurred at the legs. The velocity at the legs is constant for the rigid 
body but there is a high to low velocity cycle for the swinging body as the legs 
move. When the right leg was at the stance phase (as a pivot leg) while the 
other leg was swinging forward (at t = 0.25s and t = 1.25s in Figure 5.6b), the 
airflow around the stance leg has the lowest velocities during the gait cycle. 
When the right leg turned to become the swinging leg (t = 0.75s and t = 1.75s 
in Figure 5.6b), the velocities of the airflow around the swinging leg got in-
creased and were stronger than the velocities under the rigid motion. There-
fore, the airflow generated by the rigid motion would have relatively symmet-
ric flow patterns around both legs while the swinging motion would generate 
alternating flow patterns with different strength and direction at the legs 
within a gait cycle. The interaction and counteraction between the airflow 
generated by both legs would result in distinct flow patterns for the two types 
of motion thus would further influence the transport mechanisms if contami-
nates were introduced in the lower region.  
To quantify the differences between the rigid and swinging motions we track 
the flow velocity during walking at three pairs of locations, each at 20 mm 
from the limb surfaces on: i) the inner and outer arm ii) the inner and outer 
thigh and iii) the inner and outer ankle. The instantaneous velocity compari-
sons are shown in Figure 5.7 where in both models the manikin moved for 
three seconds at a constant velocity of 1.2m/s. After three seconds the manikin 
came to a stop and the simulation continued for a further three seconds. The 
rigid body motion shows rapid fluctuating velocities with a consistent ampli-
tude and frequency induced by the flow separation. The phenomenon is simi-
lar to vortex shedding characteristics produced by bluff bodies that produce 
periodical irregularities on the flow field. If we consider the arm, the thigh and 
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the ankle as cylinders with diameters of 0.1m, 0.2m and 0.08m, their corre-
sponding Reynolds numbers of 9,000, 16,000, 6,400 were in the sub-critical 
Reynolds numbers range, where shedding tends to be organized with an al-
most constant non-dimensional vortex shedding frequency of St = 0.19 ~ 0.21 
(where St is the Strouhal number) according to external flow over a cylinder 
(Blevins, 1990).  
In the swinging motion, there are high frequency oscillations that are embed-
ded within larger velocity oscillations that coincide with the pendulum gait 
cycle motion. The instantaneous velocities between the different locations 
varied significantly. At the inner arm and inner thigh where it is close to the 
  
Figure 5.7 The comparisons of velocities detected around the rigid body and 
the swinging body with 20mm to the inner side and the outer side of the arm, 
thigh and ankle surfaces 
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pivot point of the swinging motion, the large-scale velocity fluctuation is rel-
atively flat. In these regions we can observe the small scale rapid velocity fluc-
tuations. However further away from the pivot point, such as in the outer arm, 
and in the ankle regions, the gait cycle motion dominates the flow velocity 
damping out a lot of the small-scale fluctuations. Taking a gait cycle (a period 
of 1 second) for example, the left leg was swinging during t = 0.75s to t = 1.25s 
and turned to stance phase during t = 1.25s to 1.75s, then the gait cycle re-
peated. The velocities observed at the inner and outer ankle showed the ve-
locities increased to maximum during the swinging phase (t = 0.75s to t = 1.25s), 
and then dropped to the lowest as the left leg became the stance leg (t = 1.25s 
to 1.75s).  
Comparing to the rigid motion, the swinging motion gets increased velocities 
with the swinging leg as it moved forwards by pushing the air out and drawing 
it air around the ankle entraining it into the wake. As the leg comes to rest to 
act as the pivot foot for the next step, the velocity approaches zero. Same pat-
terns of velocity variations can be observed around the arms and thighs as the 
airflow is influenced by swinging limbs. The most obvious velocity discrepan-
cies between the walking models occurred in the lower half of the body, where 
the rigid motion generated weak airflow while the swinging motion produced 
much stronger periodical air movements due to the vigorous movement of the 
feet. The maximum velocity around the swinging ankle could be 2.5 times 
larger and the minimum velocity could be 4 times smaller comparing to the 
velocities at the same position under rigid motion. 
When the manikin came to a stop at t = 3s, the residual momentum from the 
wake passes propagated through the narrow gaps at the inner arm and inner 
thigh, hence generating an immediate velocity jump. The swinging motion 
had experienced a larger increase in velocities at those areas due to the inertia 
yielded by the pendulum limb motion. While at the points at the outer arm 
and outer thigh, the wake dropped off much quicker in the swinging motion 
than in the rigid motion. 
 Thermal Effects on the Motion-Induced Wake Flow 
The effect of walking on the thermal plume was investigated under the swing-
ing walking motion. To begin the modelling, the thermal environment around 
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the body under steady state was established. A thermal plume was formed 
where it was weak at the bottom of the body and became stronger in the upper 
body. The plume rises vertically above the manikin head with a maximum 
velocity of 0.25 m/s at 0.18m above the head. This is consistent with the ex-
perimental findings of 0.24 m/s (Craven and Settles, 2006) to 0.255 m/s (Zu-
kowska et al., 2007) as the maximum thermal plume velocity. The swinging 
motion was then introduced into the thermal domain where the thermal 
plume does not move with the manikin. Instead it trails behind slowly remain-
ing connected to the manikin wake flow (based on flow velocities > 0.1m/s) 
until t = 1.25s in Figure 5.8. The velocity vectors in the thermal plume are 
directed upwards and nearby flow are entrained in the plume. An anti-clock-
wise recirculation was formed from the rising thermal plume which countered 
the clockwise recirculation coming from the downwash flow from the manikin. 
This led to a greater downwash flow, and the wake is narrowed compared to 
the isothermal case where the wake is more circular.  
 
 
Figure 5.8  The velocity field on the mid-plane (x = 0m) under the (a) iso-
thermal and (b)thermal conditions at t = 0s to t = 4.0s  
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The transient velocity variation at points in front of the head, shoulder, thigh, 
and ankle for thermal and isothermal manikin cases were tracked and shown 
in Figure 5.9. During walking (t = 0s to t = 3s), the thermal manikin showed a 
smaller stream-wise velocity (v/U in the y direction) but a larger vertical ve-
locity (w/D in the z direction) compared to the isothermal case. This suggests 
the airflow is influenced by thermal effects with the increased vertical velocity 
driven by the buoyancy flow that starts from the feet and increases with the 
 
 
Figure 5.9 The velocity variation against time at different detection points 
near the body under the thermal and iso-thermal conditions  
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manikin height. The airflow in the lower body is dominated by the alternating 
acceleration and deceleration of the swinging limbs and pivot phases. In this 
region we found that the vertical velocity component for both models is simi-
lar. When the manikin stopped walking, the velocity in the thermal condition 
increased in the streamwise and vertical (w/U) direction up to 2-4 times the 
average velocity during the walking. While in the lower body, thermal effects 
around the legs was not evident, as the buoyant effects has not grown suffi-
ciently. Furthermore, when the streamwise velocity of swinging motion is less 
 
Figure 5.10 the contour of vorticity magnitude (a) ωx on the mid-plane across 
the body (x = 0 m), (b) ωy on the vertical plane 0.2 m behind the manikin (y = 
3.1 m) and (c) ωz on the horizontal plane through the waist (z = 1.1 m) at t = 
2.75s. 
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than the rigid motion, we find this is compensated by an increase in vertical 
velocity, and vice-versa.  
Contours of vorticity magnitude ωx, ωy, ωz at time t = 2.75s are shown in Figure 
5.10a on a midplane across the body at x = 0 m, Figure 5.10b a vertical plane 
0.2 m behind the manikin at y = 3.1 m and Figure 5.10c a horizontal plane 
through the waist at z = 1.1 m. The vorticity measured the local rotation of the 
airflow when moved by an infinitesimal distance in a direction perpendicular 
to it. For the thermal case, a strong negative vorticity concentration convected 
from the head and shoulders shown on the mid plane, indicating an anti-clock-
wise rotation at the back of the upper body where the significant downwash 
occurred. Additionally, a strong positive vorticity protruded from the leg gap 
shown by a clock-wise rotation against the downwash of air behind the upper 
body. Recirculation regions were formed behind the solid torso and several 
pairs of counter-rotating vortices were observed behind the head, torso and 
legs, on the vertical plane. Compared to the isothermal body, the thermal 
plume generated stronger rotating flows in the same area, especially behind 
the forearm and thigh where the swinging arms and legs interacted with each 
other. The asymmetric vortex shedding in the horizontal plane interacted with 
the downwash, thus inducing lateral and vertical spreading from the upper 
body towards the downstream region. The counter-rotating vortex shedding 
then stretched downwards and further into the wake. Downstream of the ther-
mal body, the vortices showed a narrowed and subdued span-wise vortex 
shedding.  
Vortex structures of the manikin within a full gait cycle (1.75s to 2.75s) are 
shown in Figure 5.11 as iso-surfaces of λ2 coloured with velocity magnitude. 
Unlike the stationary bluff bodies where a long wake region is stretched down-
stream from an oncoming flow, the swinging walking motion generated small 
vortices that trailed the body. The vortex cores generate mainly behind the 
torso and on the legs during upright position. At the swinging limbs, larger 
vortices formed when the limbs finished the swinging phase. When manikin 
stopped moving (t = 3s), the vortex cores propagated through the gaps be-
tween arms and thighs. This explains the notable velocity rise for the velocity 
profiles in Figure 5.10 detection points at the inner side of the thigh and the 
arm after the manikin stopped moving. 
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 Conclusion 
This chapter presented unsteady simulations of the wake flow induced by a 
moving manikin with a focus on comparing the discrepancies generated in the 
flow field by simplified geometry, swinging limbs and thermal conditions. The 
key points are summarised as follows: 
 By comparing a cylinder and a manikin with a similar aspect ratio, the 
main discrepancies were found behind the head and legs, where the 
body shape differed most. The wake showed similar patterns behind 
the upper part of the cylinder and the solid torso of the manikin, while 
at the lower region, there were distinct differences due to the air gaps 
from the arms and legs. The results showed the need for using a real-
istic geometry of human for analysing the airflow features of the hu-
man-induced wake.  
 
Figure 5.11 The vortex structures of the manikin within a full gait cycle (1.75s 
to 2.75s) and after its stop (3.0 s to 4.0 s) 
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 Using the swinging body motion produced a velocity fluctuation cor-
responding to the gait cycle, with peak values 2-4 times larger than the 
airflow velocity induced by the rigid motion in the same areas. The 
main discrepancy occurred in the lower half of the body influenced by 
the swinging legs.  
 Heat transfer effects are negligible on the fluid flow during the walking 
motion of 1.2m/s. However, after the manikin has stopped moving it 
becomes important when considering the wake flow dynamics, espe-
cially in the upper body where thermal plume manifests.   
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Particle Suspension Induced by Real-
istic Manikin Motion 
The main findings of this chapter have been published in: 
 Tao, Y., Inthavong, K. & Tu, J. Y. (2017). Dynamic Meshing Modelling 
for Particle Suspension Caused by Swinging Manikin Motion. Building 
and Environment, 123, 529-542. 
DOI: 10.1016/j.buildenv.2017.07.026, IF = 4.539 
 
 Tao, Y., Inthavong, K., Petersen, P., Mohanarangam, K., Yang, W., Tu, 
J. Y. (2016). Experimental and CFD modelling of indoor air and particle 
re-dispersing from a moving manikin. 20th Australasian Fluid Mechan-
ics Conference (AFMC), 5-8 Dec, Perth, Australia. 
 
Human-induced wake flow characteristics and its impact on particle re-dis-
persion from floor boards was investigated by performing CFD simulations 
with dynamic-meshing of a moving thermal manikin model. The manikin mo-
tion with swinging limbs was achieved by the re-meshing method to update 
the grid with each time step. The characteristics of the wake flow field gener-
ated by three walking speeds (0.8m/s, 1.2m/s and 1.8m/s) were compared. Par-
ticle transport from the floors and its re-dispersion was tracked by the Lagran-
gian approach. The results focused on the significant airflow patterns in the 
indoor flow field and how it would influence the particle suspension. The re-
sidual flow disturbances after the manikin stopped walking and its interaction 
with the thermal plume continued to influence the particle to spread and de-
posit over time. The particle concentration entering the frontal zones of the 
body during the walking was evaluated to show the level of occupants’ expo-
sure to contaminants. 
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 Introduction  
Human activity has a significant influence on indoor airflow patterns by pro-
ducing distinct wake flow regions and unsteady vortex shedding over the 
body(Heist et al., 2003, Johnson et al., 1996, Ge et al., 2013, Li et al., 2014). Its 
impact on indoor contaminant transport and dispersion has received a lot of 
attention (Ferro et al., 2004, Mazumdar et al., 2011, Miguel et al., 2005, Tian et 
al., 2016, Wang and Chow, 2011) especially in indoor environments such as 
aircraft cabins, hospital wards, surgical rooms, and clean rooms, where occu-
pants’ exposure to airborne contaminants are of concern (Oberoi et al., 2010, 
Inthavong et al., 2009, Se et al., 2010, Gao and Niu, 2005, Mazumdar et al., 2010). 
The occupant induced wake exhibits fluid dynamics found in separated flows 
over bluff bodies, where a mixing zone of vortices entrain air into a reverse 
flow region (Flynn and Ljungqvist, 1995, Mahjoub Said et al., 2008, Zhang et 
al., 2016).  
Simplified geometries such as vertical finite cylinders and cuboids have been 
used as substitutes for human bodies (Poussou et al., 2010, Thatcher et al., 
2004). However, this leads to discrepancies in flow features due to the simpli-
fied geometry (Edge et al., 2005, Tao et al., 2017a). For example, when legs are 
considered as two cylinders instead of one single thick cylinder, there is in-
creased mixing in the wake produced by the gap between the legs accelerating 
flow (Edge et al., 2005). An issue arising with flow over a stationary manikin 
is the flow separation at the feet which neglects disturbances caused by the 
manikin motion; thus, the near wake flow characteristics during walking are 
only partially represented. Another factor to consider is the effects of heat 
transfer leading to thermal plumes from the human body. Murakami et al. 
(1999) investigated the thermal and dynamic effects of wind on stationary bod-
ies and revealed a thin layer of warm rising air around the body under a stag-
nant or weak wind environment; but this disappeared when the wind velocity 
increased.  
Similarly, the effects of the induced wake from moving bodies wields signifi-
cant influence on particle dispersion and re-suspension in indoor air quality 
studies (Inthavong et al., 2013a, Li et al., 2014, Gao and Niu, 2005, Zhou et al., 
2011). Early experimental studies investigated the effects of airflow patterns 
around manikins on contaminant concentrations (Heist et al., 2003, Johnson 
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et al., 1996). Numerical studies visualised the influence of unsteady vortex 
shedding from flow over static bodies on contaminant transport (Murakami et 
al., 1999, Edge et al., 2005, Ge et al., 2013). Recently a growing number of com-
putational studies using Computational Fluid Dynamics (CFD) have laid em-
phases on the effects of human activity on the wake dynamics (Choi and Ed-
wards, 2008, Choi and Edwards, 2012, Brohus et al., 2006, Hang et al., 2014, Wu 
and Gao, 2014) which use dynamic meshing techniques. This advances mod-
elling capability and can capture transient effects of a moving manikin.  
Poussou et al. (2010), Brohus et al. (2006) used dynamic meshing to qualita-
tively capture the wake flow from moving blocks. However, realistic anthro-
pomorphic manikins provide a better representation of the flow behaviour 
where results in the near body regions can be discerned (Han et al., 2013, Tao 
et al., 2016, Gao and Niu, 2005, Mazumdar et al., 2010). While these studies 
have advanced the modelling capability and complexity by integrating dis-
persed particle modelling for inhalation exposure assessments, the study of 
particle suspension from floors influenced by a moving manikin with swing-
ing motion, and heat transfer is yet to be investigated. The advancements in 
modelling can lead to enhanced evaluation of airborne contaminant exposure 
influenced by occupant activity which is also prevalent in indoor and urban 
environments (e.g. pollutants, and exhaust fumes in pedestrian/urban streets). 
In this chapter, an anthropomorphic manikin was modelled with realistic 
walking and swinging motion, and thermal effects. The numerical setup was 
first validated with benchmark test comparisons with experimental data of a 
simplified cylindrical body, before being applied to the moving manikin model. 
The results focused on the spatial and temporal characteristics of the wake 
flow induced by three walking speeds (0.8m/s, 1.2m/s and 1.8m/s) and their 
effects on particle dispersion and occupant exposure to contaminants. 
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 Method 
 Computational Models 
To validate the numerical model setup, a transient simulation of near wake 
flow around a vertical cylinder was first performed. The transient solution was 
time-averaged and its velocity field was compared with PIV measurements by 
(Rostamy et al., 2012). A circular cylinder with diameter of 31.5mm and an 
aspect ratio (height/diameter, h/D) of 3.0 was used - which is similar to the 
manikin (h/D = 2.93). The computational domain around the cylinder was 
1.96m × 0.91m × 1.13m. The free stream velocity was U = 20m/s giving a Reyn-
olds number of 42000 based on the cylinder diameter. To resolve the turbulent 
boundary layer, ten prism cell layers were created on the cylinder surface with 
a first grid spacing of 1× 10ିସm. This produced a dimensionless wall distance 
y+ of less than 5 which is within the viscous sub-layer and ensured sufficient 
grid points were within the buffer region where turbulent production rapidly 
 
 
Figure 6.1 (a) Computational domain of the room, x - y - z- coordinates are in 
meters; (b) Prism layers and tetrahedral mesh generation around the manikin 
body; (c) gait phases at the same time steps under 3 walking speeds (speed of 
1.8m/s stopped walking at 2.33s) 
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increases. A structured hexahedral mesh with 3.1 million cells was generated 
and a time step of t = 1× 10ିଷs was used. 
The manikin model had dimensions of 1.7m-height, 0.58m-width and the com-
putational domain was 2.6 m (x-coordinate) ×10.0m (y-coordinate) × 2.7 m (z-
coordinate). The coordinate system located the manikin at an initial standing 
position at x = 0m, y = 0m, facing the +y direction 1m from the back wall 
(Figure 6.1a). Unstructured tetrahedral cells and prism layers were generated 
for the domain Figure 6.1b). The near-wall mesh surfaces were also created 
with ten prism layers with y+ < 5. For the dynamic meshing the domain was 
re-meshed at each time step updating the moving manikin position and stance. 
The distances travelled at the same time steps under three walking speeds are 
compared in Figure 6.1a. In each of the models, the manikin walked to 4.2m 
and the simulations continued until the flow field dissipated. 
To reduce the computational demand of the dynamic meshing, walking pos-
tures were simplified and the arms and legs were treated as rigid swinging 
pendulums with its pivot taken at the shoulder and hips respectively. The total 
flexion angle for the arms and legs were 60˚ and 40˚ based on (Han et al., 2013) 
and the rotating limb angular velocities were formulated from the length of 
limbs, walking speed, and it's swinging period. The number of steps per second 
(called cadence) and the walking speed of a person are subject to human fac-
tors. According to gait parameters presented in (Al-Obaidi et al., 2003) , a nor-
mal walking speed of 1.2m/s with a cadence of 2 steps per second was chosen 
as a baseline walking speed. To cover the range of a typical gait cycles related 
to different walking speeds, we used a cadence of 1.33 steps/second for 0.8m/s 
walking speed and 3.0 steps/second for 1.8m/s walking speed. Stride lengths 
of each gait were kept constant under the different walking speeds. The gait 
cycle defining the angular limb velocities, and dynamic mesh motion was in-
putted through a User-Defined-Function (UDF) in the commercial CFD soft-
ware ANSYS Fluent v14.5. 
In numerical studies, the body temperature is usually set in the range of 30.3˚C 
to 33.7˚C (Murakami et al., 1999, Salmanzadeh et al., 2012, Li et al., 2013) and 
in this chapter the manikin had a constant surface temperature of 32˚C. The 
air temperature was set to 22˚C. Since our objective was to compare the ther-
mal plume around the manikin during walking, the convective heat transfer 
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from the body surface was the main contributor, and radiation, evaporation, 
and respiration were not considered. Likewise, clothing was not considered. A 
grid independence study was conducted by consecutively reducing individual 
cell spacing by a factor of 1.3. We started with a grid of 1.1 million and subse-
quent grids of 2.0 million, 4.3 million, and 8.3 million were created. Velocity 
profiles along a horizontal and vertical line behind the manikin showed con-
vergence between mesh size 4.3 million and 8.3 million. For computational 
efficiency and accuracy, the 4.3-million model was chosen for the remainder 
of this case. 
 Results and Discussion 
 Airflow Modelling Validation 
The time-averaged velocity field on the centre plane of the vertical cylinder 
simulation (Figure 4.4) was compared with its corresponding measured data 
by  (Rostamy et al., 2012). The immediate downstream flow that originated at 
the free end (top cylinder surface, free from other surfaces), and persisting in 
the stream-wise direction was observed in the simulated results. The experi-
mental results show two downstream vortices within the wake; one at the tip 
vortex at the free end which both turbulence models capture, and the other at 
the base vortex near the cylinder-floor junction which only the RNG k- model 
captured. The saddle point separating the two vortices was slightly captured 
by the RNG k- model and not at all by the k- SST model. Both turbulence 
models showed minor differences in the prediction in the v and w velocity 
components. Overall the RNG k- model showed better performance over the 
k- SST in predicting the velocity distribution in the lower half of the near 
wake region. 
 83 
 
 Flow Characteristics of Human Wake Flow 
6.3.2.1 Spatial distribution 
The fluid dynamics of the human wake are shown through velocity contour 
and vector plots (Figure 6.2) on the x-plane after the manikin has come to a 
stop (after walking 4.2m). The total walking duration varied based on the 
walking speeds of 0.8m/s, 1.2m/s and 1.8m/s. The velocity magnitude (U) and 
vertical velocity (w) contours were non-dimensionalized by the walking speed 
(𝑈௠), and these were capped for velocities below U/𝑈௠=0.10 to provide dis-
tinct variation between the wake flow and the ambient surrounds. Due to the 
pressure build up at the manikin frontal body (stagnation points) and the pres-
sure difference at the rear, airflow is driven from the front to the rear. In the 
centre plane, the disturbed air formed a triangular region of flow behind the 
solid body with peak velocities of approximately U/𝑈௠=1.2 found proximal to 
the manikin backline and buttocks. The gap between the legs accelerated the 
 
Figure 6.2 Non-dimensionalized velocity field (U/Um) and non-dimensional-
ized vertical velocity field (w/U) on the vertical middle plane (x = 0m) under 
walking speeds of (a) 0.8m/s, (b) 1.2m/s and (c) 1.8m/s  
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air through and this counteracted against the wake downwash from the upper 
body, thus forming a region of weak airflow behind the lower leg region. Two 
side planes offset from the centre and located at the shoulders on either side 
of the body shows accelerated flow through the gap between the arm and body. 
High velocity is found along the calf of the leg that is completing its step and 
about to produce the flat foot pivot position. Based on the gait cycle and walk-
ing speed we can see this occurs on the right calf for walking speeds of U = 0.8 
m/s and U = 1.8 m/s, and occurs on the left calf for a walking speed of U = 1.2 
m/s. The vertical velocity component and vector plot is shown to highlight the 
flow motion passing over the head and returning back in a circular motion to 
the back of the body. In all cases the initially developed thermal plume at the 
starting position still persists. The region between the initial position and the 
manikin shows flow moving forwards catching up to the manikin body. No 
vertical velocity components are found in this region. 
While it is expected that the size of the wake region increases with walking 
speed our analysis is to quantify this. We defined the wake length by extract-
ing the flow field velocity contour with the cut-off velocity of U/𝑈௠=0.10. This 
was evaluated at different x-planes and the maximum wake length distance 
was used. The wake lengths were 1.38m, 2.77m and 3.68m for walking speeds 
of 0.8m/s, 1.2m/s and 1.8m/s, respectively (Table 6.1). The growth of wake 
length from 0.8m/s to 1.2m/s was larger than the growth from 1.2m/s to 1.8m/s 
despite the walking speeds increasing by a fixed ratio of 1.5. A second wake 
length metric we can use is the length where the velocity is capped at half of 
the walking speed, which we refer to as the wake half length (𝐿଴.ହ). In this case 
we take values from a total of five planes centred around the midplane (one 
midplane and two planes to its left and right sides) and taking its averaged 
 
Walking Speed 𝐿ଵ.଴ 𝐿଴.ହ 𝐿ଵ.଴/𝐿଴.ହ 
0.8 m/s 1.38m 0.71m 1.91 
1.2 m/s 2.77m 0.79m 3.51 
1.8 m/s 3.68m 0.84m 4.38 
Table 6.1 Wake length metrics for the three walking speeds 
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value. The wake half lengths under the walking speeds of 0.8m/s, 1.2m/s and 
1.8m/s were 0.71m, 0.79m and 0.84m. This produces a more normalised value 
accounting for the different walking speeds. If we take the ratio of the wake 
full-length to half-length values we get  𝐿ଵ.଴/𝐿଴.ହ of 1.94, 3.51, 4.38 from slow-
est to fastest walking speeds. This shows that the induced wake region for 
slower walking speeds decays more rapidly.  
Streamlines originating from the body at different moments of the gait cycle 
for a walking speed of 1.2m/s were used to determine the local flow behaviour 
around the manikin (Figure 6.3). The initial stage for the first gait cycle is com-
pleted in the first second (cadence of 2 steps/second) and the induced flow 
field caused by the moving manikin is shown in Figure 6.3a. Streamlines orig-
inating from the front-right-hand side of the body wrap around and then curl 
back into the manikin body. This suggests strong flow entrainment caused by 
the moving manikin that pushes the air that is in front of it, making way for 
the manikin to occupy the space. The displaced air then curls back around the 
body taking up the void space left behind by the manikin. We notice that the 
streamlines remain close to the body for the very first step (t = 0.25 - 0.5 secs) 
and grows wider at the second step (t = 0.75 - 1.0 secs). During the third step 
cycle between t = 2.25 s to t = 3.0 s (Figure 6.3b) the streamlines are wider as 
it wraps around the body before getting pulled back into the centre. The 
streamlines move furthest around the middle of the body while it is thinnest 
near the head and feet. Generally, the streamlines don't show significant up-
draft to potentially re-disperse floor lying particles into the breathing region. 
The streamlines near the feet remain close to the floor, while streamlines at 
knee height will rise as it moves backwards. 
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Figure 6.3 3D streamlines generated from the right side of the body under a 
walking speed of 1.2m/s. A pressure contour is overlayed to demonstrate the re-
gions of high pressure and low pressure, determining the flow direction. (a) 
First gait cycle which occurs between t = 0.0sec to t = 1.0. (b)Third gait cycle 
which occurs between t = 2.0sec to t = 3.0 
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6.3.2.2 Temporal development of the wake flow 
The transient flow field is shown through the midplane velocity contour and 
vector plot (Figure 6.4) for the walking speed of 1.2m/s. The walking period 
occurs in the first 3.5 seconds (Figure 6.4a) where high velocities are found at 
the manikin body surface from the relative motion between the manikin and 
surrounding air. In the upper body this is evident from the high velocities 
along the body and a trailing wake forms. Vectors show the fluid moves up-
wards and around in a semi-circle from the head returning into the wake as it 
becomes entrained into the flow. Velocity vectors in the wake return inwards 
into the manikin body. In the front of the body the vectors are directed for-
wards suggesting that the fluid is pushed away as the body moves through the 
flow field. The airflow in the lower body is dominated by the alternating ac-
celeration and deceleration of the swinging limbs and pivot phases and was 
significantly affected by the swinging leg. After the manikin came to a stop 
the wake region reduces and its residual momentum carries the fluid forwards 
moving over the manikin body. Flow accelerated through gaps between the 
limbs (arms, legs).  After 15s we found the thermal plume became evident with 
a rising flow from the head. 
6.3.2.3 Comparisons of instantaneous velocity at different distances 
Figure 6.5 compared the instantaneous stream-wise velocity component along 
horizontal lines on the mid-plane at different heights, z = 0.1 m (ankle height), 
z = 0.5 m (knee height), and z = 1.5 m (breathing region head height) after the 
manikin walked for 2.1 meters (half its journey) and 4.2 meters (final location) 
respectively. Generally, the velocity variation at the ankle and knee heights 
are small. Larger fluctuations are found in the wake behind the body when the 
manikin is still walking at y = 2.1 m position compared to when it comes to a 
stop at y = 4.2 m. At knee height the fluctuations are increased but we don't 
see any discernible pattern, such as any flow acceleration through the through 
the legs. Upon inspection the lack of flow between the leg gap is due to the 
swinging motion of legs during the gait cycle, and in fact the flow passing 
through never has a chance to develop through the legs. At head height (z = 
1.5 m) the instantaneous velocities are much greater ranging from -0.6m/s to 
0.6m/s. During walking at position y = 2.1 m, the streamwise velocity is posi-
tive as it's pushed forwards from the moving body. It travels over the top of 
the head where it recirculates and moves into and behind the body represented 
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by the dip in the curves and the flow velocity changing from 0.6m/s to -0.6m/s 
for the fastest walking speed. The trailing wake region behind the head dissi-
pates downstream and the velocity decays to zero. The flow patterns between 
the y = 2.1 m and y = 4.2 m are very similar. 
The instantaneous velocities can misrepresent the overall flow behaviour be-
cause no other times are considered. On the same horizontal lines (z = 0.1 m, 
z = 0.5 m, z = 1.5 m), the velocity profiles behind the body within 0.9 meters 
were time-averaged to examine the flow pattern. To be consistent with Figure 
6.5 the velocity was time-averaged during prior one gait cycle (1s) at the posi-
tions where the manikin was at y = 2.1 m and y = 4.2 m. Thus, each profile 
represents a one second time average of the wake 0.9m behind the manikin as 
it was moving. Figure 6.6 shows the velocity at ankle height (z = 0.1 m) is 
 
 
Figure 6.5 Stream-wise velocity along horizontal lines on the centre plane at 
different heights (z = 0.1m, z = 0.5m and z = 1.5m) after the manikins 
walked for 2.1 meters and 4.2 meters under different walking speeds (0.8m/s, 
1.2m/s and 1.8m/s) The vertical dashed line in each figure represents the po-
sition of the manikin. 
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relatively random with a preference of low negative streamwise velocities for 
the y = 2.1 m position. For y = 4.2 m the streamwise velocity in the wake be-
comes positive far away from the manikin. At knee height (z = 0.5 m) the time-
averaged velocity profile now shows a clear flow pattern not previously found 
in its instantaneous profile. There is a negative velocity near the knee suggest-
ing penetration of an air jet through the legs to the rear. The velocity changes 
to positive further downstream from the knees where flow entrainment is 
bringing the air back into the wake. At head height (z = 1.5 m) and close to the 
head, the velocity is very high caused by the moving body inducing the flow. 
 
 
Figure 6.6 Time-averaged stream-wise velocity along a horizontal line extend-
ing 0.9m behind the manikin on the central plane at different heights (z = 
0.1m, z = 0.5m and z = 1.5m) and corresponding to the positions given in Fig-
ure 6.6. 
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For each of the walking speeds the peak velocities correspond to its walking 
speed. Downstream from the head, the velocities decrease parabolically as the 
wake dissipates its energy into the flow field. The profiles show flow entrain-
ment is evident in the far field at knee and ankle height and for the head region 
this occurs throughout the entire length.  
The time-averaged vertical velocity profile (Figure 6.7) provides better insight 
to enhancements for particle redispersion because it may induce particle lift. 
At the ankle and knee heights, the peak velocities in the positive (upwards) 
direction is relatively small with the peak value approximately 0.2m/s. This 
only occurs while the manikin is in mid-motion at the y = 2.1 m position. At 
 
Figure 6.7 Time-averaged vertical velocity component along a horizontal line 
extending 0.9m behind the manikin on the central plane at different heights (z 
= 0.1m, z = 0.5m and z = 1.5m) and corresponding to the positions given in 
Figure 6.6. 
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the y = 4.2 m position the velocities are very low and even negative (down-
wards). This suggests particles on the floor may not be sufficiently disturbed 
and able to lift off the ground into the air. At head height (z = 1.5 m) the ve-
locities are positive (rising upwards) at the top of the manikin head. Moving 
downstream the velocity changes direction and reaches a maximum negative 
value as flow separation and recirculation occurs, before dissipating to zero. 
The velocities are much greater in magnitudes at head height. Therefore, air-
borne particles at this height will be redispersed and dynamically moving 
within the wake. 
  Effects of Manikin Movement on Particle 
Dispersion 
 Average Particle Concentrations at Different Heights 
For a given distance travelled, a slower walking speed results in a longer time 
for the motion-induced wake to develop and interact with particles. Based on 
the flow field results, the airflow in the front of the feet and legs had negative 
 
 
Figure 6.8 Average particle concentration [mg/m3] within the cubic regions in 
the front of the body at different heights for dimensionless time T = t=(S/Um), 
where t is the walking time non-dimensionlized by the walking distance S = 
4.2m under various walking speed Um = 0.8m/s, 1.2m/s and 1.8m/s 
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vertical velocity components which tended to increase in strength with the 
walking speed. Since the particles were uniformly distributed across the floor, 
the lack of significant positive vertical velocities suppresses the possibility of 
particle suspension. To compare the unsteady influences under different walk-
ing speeds, the dimensionless time is defined as T = t/(S/𝑈௠), where t is the 
real walking time and S//𝑈௠ represents the time to travel a distance of S = 4.2 
m under different walking speeds (/𝑈௠). Thus for all walking speeds, the di-
mensionless time for the manikin walking period was T = 1. The residual wake 
movement afterwards was examined until T = 3.7.  
Figure 6.8 shows the averaged particle concentration inside four cubic volume 
regions taken in the front of the body. Each region has width 0.6m, length 
0.6m and height of z1 = 0-0.45 m, z2 = 0.45-0.90 m, z3= 0.90-1.35 m, and z4 = 
1.35 - 1.80 m. The lowest region, z1 exhibited the greatest concentration levels 
and in this region the walking speeds correlates with increased particle con-
centration. At T =1, the highest concentration overall is found and this oc-
curred for a walking speed of 1.2m/s. After the manikin stopped walking there 
is a rapid reduction in particle concentration. 
The remaining volume regions, z2, z3, z4 showed a significant decrease in con-
centration where the peak values for all walking speeds was just under 
2.5mg/m3. At head height in the breathing region the concentration reaches 
1.5mg/m3 caused by the downwards velocity component produced by at the 
head separation. The particle concentration in these regions was inversely 
proportional to the walking speed where the slowest walking speeds produced 
the highest concentration levels. The wake flow analysis (Figure 6.3 to Figure 
6.7) showed that a higher walking speed generally produced stronger down-
wash airflow onto the lower body from the flow separation occurring at upper 
body. The fluid-particle interaction time was longer for the lower walking 
speed; thus a stronger particle dispersion was observed. The higher walking 
speed generated larger negative velocity component and a broader wake re-
gion with less fluid-particle interaction time which hindered the particles abil-
ity to enter the upper body region. We also observe the after effects of the 
wake and flow disturbances influencing the particle redispersion. The peak 
particle concentration levels occur at T = 1, suggesting that the particles are 
transported into the breathing region, after the wake has formed and begins 
to flow past the body that is now not moving. 
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 Particle Dispersion During Walking 
 shows the particle dispersion within -0.15m to 0.15m laterally from the mid-
plane (x -coordinate) of the body. The walking speed of 0.8m/s is shown as 
this produced the highest particle concentrations. The particles were coloured 
by its lateral distance from the midplane the x -coordinates (lateral direction) 
that the deepest colour represents a position closest to the central plane (x = 0 
m). During the early walking stage, the floor-distributed particles were vigor-
ously disturbed and became entrained into the flow. The negative stream-wise 
velocity at knee-height (Figure 6.6, z = 0.5m) is caused by air flow passing 
through the gap between the legs, transports the suspended particles from in 
front to the back. Particles are found close to the body, mimicking the wrap 
around streamlines in Figure 6.3.  
 
Figure 6.9 Visualisation of particle redispersion caused by the walking mani-
kin (from T = 0.2 (travelled 0.84m) to T = 1.0 (travelled 4.2m)) and after the 
manikin has stopped walking (from T = 1.0 to T = 3.8). The walking speed was 
Um = 0.8m/s, Um = 1.2m/s and Um = 1.8m/s and the total travelled distance was 
S = 4.2m 
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When the particles have moved into the wake they gradually propagate to 
higher regions as the airflow produced by legs flowed upwards into the back. 
The particles then remain close to the back and transported with the manikin 
body (from T = 0.50 to T = 1.00). The particles in front of the body move to-
wards the body and also move upwards into the breathing zone under a strong 
upward airflow induced by the upper body. At T = 0.93 we see the dispersed 
particles are predominantly wrapped around all different parts of the body. 
At T=1.00 the manikin has stopped walking, and the residual airflow continues 
to transport the particles forwards. From T = 1.20 to T = 3.80 the particles move 
forward separating away from the body. The jet-like flow through the leg gap 
accelerates the particles through forming a parabolic profile (T = 1.80). As the 
airflow continues to move forward and dissipates, the thermal plume from 
natural convection becomes significant and the particles move forwards and 
upwards in a circular profile (T = 3.80). As a generalisation we see that after 
the manikin stopped walking the particles moved forwards with the residual 
wake momentum, and then upwards due to the thermal plume effect. It is only 
in the period of T = 0.93 to T = 1.80 that the particles move past the manikin 
breathing region.  
 Conclusion 
This chapter presented transient simulations of the wake flow induced by a 
moving thermal manikin with swinging limbs under different walking speeds. 
Its influence on particle dispersion from the floor was also investigated. Parti-
cle suspension caused by human activity and movement was influenced by the 
stratified airflow characteristics induced by the different body parts and its 
kinematics - the leg swing produced downward airflow in front while upward 
flow in back region, which transports particles toward the upper region during 
walking. However, a higher walking speed produced stronger downward air-
flow in the front of the body, which prevented the suspension of floor particles 
to rise to the upper body regions. The upper body produced upward flow in 
front of the body which caused particles to rise quickly into the breathing zone. 
At the back of the upper body a strong downwash was formed and caused 
particles to almost stick to the back of the body while in the manikin was 
moving. 
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The particle concentration comparison showed a higher walking speed pro-
duced less vertical transport of particles in front of the body thus helpful to 
reduce the exposure level to contaminants. While at a lower walking speed at 
0.8m/s, particles were continuously transported to the upper region due to 
more upwards velocities in the wake structure. Additionally, the longer walk-
ing time leads to longer fluid-particle interaction and residence time for parti-
cle exposure. 
This computational study of a very realistic moving manikin redispersing par-
ticles of the ground is a first step to better understand the effects of occupant 
activity on particle exposure and indoor air quality. As it's a first study there 
remains a caveat on the modelling efforts. This includes the assumption the 
feet not striking ground, thus no impact of foot strike is considered. Particle 
source was also limited to the floor region only, and in reality, there is back-
ground airborne particle concentrations. Concentration sources could also be 
localised in one part of a room where a contaminant source may be found. We 
also only investigated one particle type and size, which was wood dust having 
spherical diameter of 2.5 µm and density of 700kg/mଷ, thus its aerodynamic 
diameter is 2.09 µm. A wider range of particle sizes will be investigated in 
future. The manikin body was also one shape and other body shapes will pro-
duce different flow fields which will be discussed in the following chapters. 
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Smoke Visualisation of Three Moving 
Manikin Models 
The main findings of this chapter have been published in: 
 Tao, Y., Inthavong, K., Petersen, P., Mohanarangam, K., Yang, W., Tu, 
J. Y. (2018).  Experimental visualisation of wake flows induced by dif-
ferent shaped moving manikins, Building and Environment, 142, 361—
370. 
DOI: 10.1016/j.buildenv.2018.06.018. IF = 4.539, Q1 
 
Traditional smoke visualisation is based on stationary objects with a moving 
fluid. This chapter presents wake flow from moving manikins investigated by 
a new smoke visualisation technique. Three scaled models 1/5th of realistic 
manikin models were used, including two body shapes (thin and wide) and 
two gestures (standing and walking). Smoke visualisation was produced by a 
chemical reaction between acetic acid (CH3COOH) and cyclohexylamine 
(C6H13N) to generate smoke. Highspeed photography and image processing 
techniques were used to determine the qualitative and quantitative data on the 
airflow patterns and separation points from the manikin motion. Detailed flow 
separation images showed that regular vortices were produced off the head 
and the shoulder, while flow separating at the hand swirled behind and in-
wards. Analysis of flow over the head revealed how the separation point 
shifted from the back of the head to the front as the velocity decreased. When 
the manikin came to a stop, the results also showed increased airflow activity 
around the face which increases the risk of inhaled particulate matter from the 
surroundings. Image processing analysis produced quantitative data which in-
cluded the vortex shedding frequency coming off the shoulder, and the sepa-
ration point from the manikin head. It is expected that the experimental results 
will provide validation data for future computational fluid dynamic (CFD) 
modelling results. 
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 Introduction 
Human activity has significant influence on indoor airflow patterns due to 
wake flows and vortex shedding (Flynn and Ljungqvist, 1995, Heist et al., 2003, 
Johnson et al., 1996, Li et al., 2014) that disturb localised suspended particles 
(Anthony and Flynn, 2006, Inthavong et al., 2009, Inthavong et al., 2013b, Ferro 
et al., 2004). Consequently, airborne contaminants are redispersed in the air 
that can lead to severe and/or fatal consequences in enclosed indoor environ-
ments e.g. surgery theatre (Brohus et al., 2006), clean rooms (Choi and Edwards, 
2008), and confined spaces such as airline cabins (Poussou et al., 2010, Ma-
zumdar et al., 2011). Qian and Ferro (2008) demonstrated the effects of human 
activity where ‘heavy and fast’ walking produced higher resuspension rates 
compared to less-active walking. Similarly studies investigated human inter-
actions with floor type (You and Wan, 2015), dust type and contaminant con-
centration in dust loads (Gomes et al., 2007). 
Early studies of the effect of human bodies on contaminant transport used 
stationary human models/manikins. Kim and Flynn (1991), Kulmala et al. 
(1996a)’s stationary manikins were placed in an open-ended wind tunnel, and 
tracer gases were released from different locations to visualise boundary layer 
separation, and the size and location of the wake region. Computational Fluid 
Dynamics (CFD) studies (Edge et al., 2005, Murakami et al., 1999, Hayashi et 
al., 2002, Ge et al., 2013) have provided detailed flow structures of unsteady 
wake regions and contaminant transport. For models/manikins that are sta-
tionary, the results neglect the effects of movement by the body though (Bro-
hus et al., 2006) applied distributed momentum sources to represent movement. 
Furthermore, simplified geometries such as vertical finite cylinders and cu-
boids have been used as substitutes for human bodies (Poussou et al., 2010, 
Thatcher et al., 2004), and this also leads to discrepancies between realistic and 
cylindrical geometries (Edge et al., 2005, Tao et al., 2017a).  
Recent experimental studies have focussed on the effects of human activity on 
the fluid wake dynamics by using moving models. Han et al. (2014) used a full-
scale thermal manikin and measured the dynamic airflow with hot-wire ane-
mometers and found a limitation of the method was that measurements were 
taken at a point (from the probe sensor) and thus unable to obtain comprehen-
sive information of the whole flow field. Poussou et al. (2010), Poussou and 
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Plesniak (2012), Poussou and Plesniak (2015) conducted small-scale PIV and 
Planar Laser Induced Fluorescence (PLIF) measurements to qualitatively cap-
ture the wake flow from a moving block and contaminant transport inside an 
airline cabin. Luo et al. (2017) conducted PIV measurements on a small-scale 
cabin with a moving manikin, and observed flow patterns such as symmetric 
eddies, upward vortex and a strong downwash in the wake flow along the 
vertical centre plane. Computational studies also observed wake flow patterns 
and vortices that caused significant dispersion of contaminants in the envi-
ronment (Brohus et al., 2006, Hang et al., 2014, Oberoi et al., 2010, Tao et al., 
2017a, Choi and Edwards, 2012, Choi and Edwards, 2008).  
Although PIV experiments provide detailed flow field information, extremely 
large data sets are needed to achieve statistical average for each image pair 
covering a small field of view, and at each instantaneous moment in time – 
and each instantaneous time produces different manikin positions. To date 
there are limited experimental studies of wake flow induced by a moving hu-
man. This is partly due to the challenges in flow visualisation to capture a 
moving object compared with a traditional fixed object with a steady state 
flow. Smoke visualisation provides a qualitative understanding of the gross 
flow field. Recent studies have demonstrated the ability to capture separation 
points, reattachment points, and vortex shedding phenomena (Sohankar et al., 
2015). Moreover, with high speed photography and image processing, quanti-
tative data is produced for validating CFD simulation data of moving human 
subjects/manikins.  
The objective of this chapter is to present an experimental technique for in-
vestigating wake flow induced by a moving human manikin. The smoke gen-
eration involved a chemical reaction between a chamber filled with saturated 
air with acetic acid and a manikin dabbed with cyclohexylamine. When the 
two chemicals came into contact, smoke was produced. High speed photog-
raphy captured the transient wake flow and the image processing was used to 
produce quantitative data. This allowed flow visualisation of a moving object 
which was not possible with traditional smoke visualisation that has a moving 
fluid flowing past a fixed smoke generation location.  
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 Method 
The techniques of smoke visualization were introduced in Section 3.6. In that 
setup, three 1/5th scaled manikins (a slim manikin in standing gesture, model 
 
(a)  
(b)  
Figure 7.1 Detailed dimensions of the two body types (a) Model #1: slim manikin 
in standing gesture and (b) Model #3: larger bodied manikin in standing gesture 
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#1, the same slim manikin in walking gesture, model #2 and a larger bodied 
manikin in standing gesture, model #3) were 3D printed at RMIT University’s 
Advanced Manufacturing Precinct (Melbourne, Australia) and shown in Fig-
ure 3.2. The models come from our library of 3D generated CAD models which 
include different human manikins in various poses. The manikin selection was 
based on slim body build with height of 170cm. The second body was selected 
based on the need for a completely different shape and size to demonstrate the 
effects caused by different geometries.  
Detailed dimensions of the two body types (slim and large bodies) are given 
in Figure 7.1. This included height, width, breadth, and three transverse plane 
cross-section slices taken at the ankle, hips, and eye-level. The cross-section 
slice outlines showed approximate ellipsis. For the slim body the ellipse is 
aligned anteroposterior at the ankles and head, while at the belly it is aligned 
laterally. For the large body the ellipse is almost circular. The aspect ratio 
based on the width is 3.1 for the slim body and 2.1 for the wide body. These 
dimensions quantify the shape and size of the body which influences flow dy-
namics and provides analysis for local Reynolds numbers and describing sep-
aration points.  
The manikins were mounted onto a rack-and-pinion travelator that moved the 
manikin inside a holding chamber through a sliding door and across the floor 
of the test chamber. A limitation of this setup was the maximum possible speed 
of the rack-and-pinion motor which must accelerate to a maximum of 0.95m/s 
and then decelerate to 0m/s over 700mm.  
 
Height (m) 
slim body larger body 
Dh (m) Re Dh (m) Re 
head 0.33 0.029 1861 0.030 1926 
waist 0.17 0.047 3017 0.100 6417 
ankle 0.03 0.014 899 0.030 1926 
Table 7.1 Local Re for ankle, waist, head of the slim and the larger body 
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 Manikin Movement 
The distance travelled by the manikin as a function of time was averaged over 
multiple runs (nine in total for each manikin) and is shown in Figure 7.2a. The 
manikin started from rest inside the holding chamber and accelerated to 
0.95m/s. Based on a peak velocity of 0.95m/s the corresponding Reynolds num-
bers for ﬂow separation across the manikin head, waist and ankle for the slim 
body are 1861, 3017 and 899 respectively; and for the larger body are 1926, 
6417, 1926 respectively. The Reynolds numbers were calculated from hydrau-
lic diameters at each location, of which the height and cross-sectional plane 
were shown in Table 7.1 and Figure 7.1.  
The high-speed camera began recording when the manikin moved 100mm (ac-
celeration period) inside the chamber. This ensured the acceleration period 
      a)  
 
       b)  
Figure 7.2 (a) the travelled distance profile where the total distance is approx-
imately 765mm and (b) the manikin velocity profile exhibiting regions of 
peak velocity, deceleration and coming to a complete stop. 
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had been completed, and the manikin was moving at constant velocity. At this 
point, the manikin was moving at a constant peak velocity upeak = 0.95m/s from 
t = 0s to t = 0.6s. A constant deceleration at a rate of -1.9m/s2 occurred there-
after, and the manikin came to a complete stop at t = 1.1s, after travelling 
765mm. Statistical analysis of all profiles showed a variation of ± 4 % from the 
averaged proﬁle, attributed to high mechanical forces associated with rapid 
acceleration and deceleration over a short distance.  
Figure 7.2b shows that over the short distance covered by the manikin, there 
are three different velocity profiles: constant walking; deceleration; and sta-
tionary, which is remarkably common in indoor environments (e.g. ofﬁces, 
hospital wards, clean rooms, and manufacturing spaces). It is expected that 
within each walking phase, different wake ﬂow characteristics will be gener-
ated.  
 Smoke Flow Visualisation 
Fabric material was stuck onto seven locations on each manikin to visualise 
different wake features. During manikin motion, smoke originating from dif-
ferent sources mixed and overlapped in the wake, and to minimise this, the 
seven locations were split into three groups. The grouped locations were: 
(i) forehead, left waist and left knee;  
(ii) backline; and  
(iii) shoulder, hand and feet. 
The captured images were also categorised into three walking phases: con-
stant velocity (t = 0s to t = 0.6s); deceleration (t = 0.6s to t = 1.1s); and stationary 
(t = 1.1s to t = 3.0s). 
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 Smoke from Forehead, Left Waist and Knee 
The results for the slim manikin at the (i) forehead, waist, and knee location 
are shown in Figure 7.3. As the manikin entered the chamber, smoke was pro-
duced in a small region, and formed a larger trailing wake filled by new vorti-
ces shed from the body. The wake region resembled a triangular shape (t = 0.5, 
0.6s), which consisted of the downwash smoke shed from the head towards 
the back, and the smoke from the left waist and knee shed downstream. The 
smoke generated from the left knee rotated slightly upwards at the back and 
merged into the wake region.  
Flow separation from the head was captured clearly. A delayed separation oc-
curred at the back of the head during the constant velocity period. During the 
deceleration period the manikin momentum reduced, and the separation point 
at the head shifted forwards (early separation). The near wake behind the body 
also reduced as it continued to move forward, colliding into the body and roll-
ing upwards.  
After the manikin stopped moving the wake moved past the torso on both 
sides of the body. The wake continued forward and rolled up the back of the 
         
 
Figure 7.3  smoke generated at (i) the head, left thigh and left knee during maxi-
mum speed (0.3s to 0.6s); deceleration (0.7s to 1.0s) and stopped (1.1s to 3.0 s) for 
the slim body. 
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body and over the head. The smoke rolled from the back of the head and over 
to the front, where the separation point was at the forehead. The smoke plume 
surrounded the manikin face and breathing region, which enhances contami-
nant inhalation exposure. Some smoke remained wrapped around the face up 
to t = 3.0s.  
 Effect of Body Shape - Slim and Larger Manikins  
The larger body (model #3) with an aspect ratio (height/width) of 2.1 had a 
taller wake region generated from the head, the hand and the knee (Figure 7.4) 
compared to the slim body (model #1, which had an aspect ratio of 3.1, see 
Figure 7.3). The slim body formed a triangular shaped wake which ended at 
the shins, while the larger body had a wake region that almost reached the 
ground. The wake of the larger body is similar to airflow patterns of a solid 
cylinder mounted on the ground (Wang et al., 2009), where the wake gener-
ated at the knees formed span-wise vortices that roll downstream. Flow dy-
namics near the ground are influenced by a base vortex which is found close 
 
 
Figure 7.4  smoke generated at (i) the head, left thigh and left knee during 
maximum speed (0.3s to 0.6s); deceleration (0.7s to 1.0s) and stopped (1.1s to 
3.0s) for the larger body 
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to the junction of the body surface and ground. For example, observations of 
the wake region from cylinders (Rostamy et al., 2012), showed upwash flow in 
the region close to the ground and downstream of cylinders. The upwash flow 
effect weakens with reduced aspect ratio. This was consistent with observa-
tions from the manikins where downstream of the slim body, the smoke was 
pushed towards the mid-height of the body, while the upwash was negligible 
downstream of the larger body, thus the generated smoke stayed attached on 
the ground. When the manikins decelerated, the slim body had a majority of 
the smoke accumulate behind the back below the shoulder. In the lower half 
of the slim body, the smoke followed the shins and gradually moved down to 
the feet (Figure 7.3). For the larger body, the accumulated smoke ascended be-
hind the head, while in the lower body it remained attached on the ground 
behind the feet (Figure 7.4).  
The differences in body shapes showed distinct differences in flow patterns in 
the wake region. For contaminants originating around the body, a larger body 
would have a more remaining close to the ground due to the weaker upwash 
in the downstream near-ground region. 
 Smoke from Backline 
Figure 7.5 shows smoke produced from (ii) the back line for the slim body 
which was weak between t = 0.0s to 0.4s, indicating low convective flows. Be-
tween t = 0.4s to t = 0.6s, the smoke ascended with a clockwise rotation and 
rolled up the back of the head and accumulated there. Meanwhile a small re-
gion of the smoke moved downwards behind the thigh. This suggests two di-
rections of rotation: i) a strong clockwise upwards rotation behind the upper 
body as air from the front meets the flow from the back forming a strong 
downwash towards the back; ii) and a weak rotation behind the lower body 
brought the smoke down, influenced by the jet pushing through the gap be-
tween the legs and this formed an anti-clockwise rotation towards the back.  
During deceleration (t = 0.7s to 1.0s), the downwash towards the back reduced 
in strength. The reduced momentum caused less smoke to follow up the head, 
similar to the wake separation observed in Figure 7.3. The smoke rotated up 
gradually and diffused behind the head.  
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When the manikin came to a complete stop, the smoke generated at the back 
passed overtook the body. The existence of the back to the shed airflow, part 
of the smoke swirled upwards and forwards through the gap between the arms 
and the torso. Although the chemicals originated from the back, the smoke 
ended up wrapping the face after the manikin stopped moving. This indicates 
increased exposure risk to contaminants especially when a walking person 
comes to a stop.  
Figure 7.6 shows smoke generated from the backline for the larger body. Sim-
ilar wake flow patterns to the slim body were observed during constant veloc-
ity and deceleration except that the larger body had more smoke shed towards 
the ground. This was consistent with the observation in Figure 7.4 that a larger 
body with a lower aspect ratio produced a weaker upwash flow close to the 
ground thus more smoke remained close to the ground.  
 
 
Figure 7.5 smoke generated at (ii) the backline during maximum speed (0.3s 
to 0.6s); deceleration (0.7s to 1.0s) and stopped (1.1s to 3.0s) for the slim body. 
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When the larger manikin stopped moving, the residual smoke moved higher 
in front of the body compared to that of the slim model (Figure 7.5). Comparing 
the images at t = 1.3s and t = 1.5s, the slim body had equal portion of smoke 
surrounding the front of the torso and head, whereas the larger body had most 
of the smoke surrounding the head. This was attributed to the larger torso that 
blocked flow passage restricting the smoke to ascend. It appears that during 
the stationary phase the larger body encountered a more severe level of expo-
sure. The smoke surrounds the head and disappears over time (until t = 3.0s). 
 Differences Between the Standing and Walking Poses 
Smoke generated from the hand was similar for both the standing and walking 
manikins (before t = 0.6s). During deceleration and stationary periods, differ-
ences behind the arm were evident where the angled arm of walking model 
(#2) produced wake flow that ascended more towards chest height  
        
Figure 7.6  Smoke generated at (ii) the backline during maximum speed 
(0.3s to 0.6s); deceleration (0.7s to 1.0s) and stopped (1.1s to 3.0s) for the 
larger body. 
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At the lower body, the wake generated at the feet of the standing manikin (#1) 
fluctuated near the ground. While in the walking posture (#2), the left leg with 
heel raised had air flowing upwards (Figure 7.7). The observation showed that 
if the arm was swinging, it was likely to bring more smoke to the chest after 
coming to a stop compared with a fixed straight arm. When the heel was close 
to the ground (standing or swinging leg), flow disturbances stayed low to the 
ground; while when the heel was lifted, i.e. the gap between the foot and the 
ground was greater, the disturbed air followed the heels and brought the 
smoke upwards. During the deceleration, the uplifted heel rolled more smoke 
into the calf (back of shins). The different stance in models suggests that the 
inclusion of kinematic motion of swinging legs would increase particle sus-
pension from the ground due to the stronger upwash flow.   
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 Quantitative analysis – Vortex Shedding Frequency 
Distinct vortex shedding was captured coming off the left shoulder and formed 
rolling clockwise rotations (Figure 7.8). Downstream of the body, the vortices 
rotated downwards and became entrained in the near wake region of the mov-
ing body. The vortex shedding frequency was computed by observing the 
number of vortices passing through a certain position (relative to the body) 
over a given amount of time. As the wake developed gradually in the early 
moments of its motion, the duration between t = 0.3s to 0.6s was chosen to 
sample the vortex shedding.  
The vortex shedding interval from the shoulder was approximately 0.039s for 
the slim body (#1) and 0.035s for the larger body (#3), corresponding to fre-
quencies of vortex shedding from the shoulder at 25.5 Hz and 28.9 Hz respec-
tively, and the vortex shedding interval from the ankle was approximately 
0.023s for the slim body (#1) and 0.027s for the larger body (#3), corresponding 
to frequencies of vortex shedding from the ankle at 43.5 Hz and 37.0 Hz re-
spectively (Table 7.2). For geometries with regular shapes, a characteristic 
length can be defined to determine the Strouhal number (St). However, for 
anthropomorphic manikins the characteristic length is not well defined, and 
 
Figure 7.8 vortex shedding at the shoulder of (a) a slim body; (b) a larger body 
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therefore the frequency is only given. With the counted shedding frequency, 
a suitable time-step size can be defined to resolve the vortex shedding in com-
putational studies, and we suggest Δt = 0.001s, which was approximately 1/20th 
to 1/40th of the shedding period observed from the smoke visualisation. This 
time-step size was deemed small and efficient enough to capture the vortex 
shedding caused by a moving manikin in this scaled model. 
 Separation Angle from the Head 
We applied an image-processing algorithm in MATLAB based on (Inthavong 
et al., 2012, Fung et al., 2013) using threshold segmentation on each image 
(pixel size: 1280×704) to identify the separation angle across the top of the 
head. Figure 7.9a shows an example, taken at time t = 0.5s. The head was par-
tially segmented (using an image mask) out of each image to provide a clear 
 
Slim Body  Larger Body 
Time 
 
[s] 
Shedding 
Intervals 
[s] 
Interval 
Average 
[s] 
f 
 
[Hz] 
Time 
 
[s] 
Shedding 
Intervals 
[s] 
Interval 
Average 
[s] 
f 
 
[Hz] 
Left shoulder 
0.339 
 
0.039 25.5 
0.368 
 
0.035 28.9 
0.0370 0.0350 
0.376 0.403 
0.0410 0.0330 
0.417 0.436 
0.0410 0.0350 
0.458 0.471 
0.0390 0.0360 
0.497 0.507 
0.0380 0.0340 
0.535 0.541   
Left ankle 
0.445 
 
0.023 43.5 
0.445 
 
0.027 37.0 
0.022 0.027 
0.467 0.472 
0.024 0.030 
0.491 0.502 
0.024 0.028 
0.515 0.530 
0.022 0.028 
0.537 0.558 
0.023 0.022 
0.560 0.580   
Table 7.2 Summary of vortex shedding rate for the slim body and the larger 
body 
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boundary around the head shown in panel Figure 7.9a. The algorithm searches 
along the edge boundary to detect pixel greyscale values. Separation was de-
termined if within three horizontal pixels to an edge pixel (greyscale = 255) 
there was a greyscale value of less than 80 (Figure 7.9b). A virtual semi-circle 
was fitted around the top half of the head at eye-level so that an angle from 
the front of the head could be calculated (Figure 7.9c). A separation angle was 
calculated for each image and averaged out over 50-images.  
The separation angle profile over time is shown in Figure 7.10. During the 
peak velocity (t = 0.0s to 0.60s), the separation angle was approximately to 
110° for the slim body and the larger body (Figure 7.10a and b). At moderate 
Reynolds numbers, the separation angle of flow over spheres were between 
80˚ to 90˚(Rodriguez et al., 2011). However, the head of the manikins was not 
a smooth spherical shape; instead it had nose, eye indents and was slightly 
narrowed at the side forehead area. The less smooth surface and unsymmet-
rical shape might lead to a delayed separation angle different from that of a 
sphere. During the deceleration (t = 0.60s to 1.1s), the separation point moved 
towards the front of the head and significantly earlier than 90°. The flow 
switches directions from the relative oncoming flow caused by the moving 
manikin to a reversed flow due to the trailing wake moving into the back of 
the head. Before a complete stop, the separation angle dropped to an average 
of 70°.  
 
Figure 7.9 Image processing steps for determining the separation angle point 
along the head. The pixel values in panel (b) are greyscale values where 255 
= white and 0 = black 
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After the manikin came to a complete stop, the separation angles were not 
captured as the images showed that the smoke turned into a plume and con-
centrated around the top of the head and rising. There is no clear stagnation 
point or developing boundary layer at either side of the vertical smoke plume, 
and therefore, the separation angle was not applicable. 
 Conclusion  
A smoke visualisation technique was presented for visualising a moving object 
through a stagnant environment. With high speed camera and image pro-
cessing techniques to capture the generated smoke tracing the moving object, 
qualitative insight into the wake formation and its transformation during the 
manikin motion were presented. The key points are summarised as follows: 
 A larger body shape generated weaker upwash flow located down-
stream of the body and near the ground. This was due to the body’s 
smaller aspect ratio compared to a slim body. If the smoke is considered 
as contaminants originating from the body, there would be less con-
taminants following the larger body as a larger amount remained close 
to the ground behind the body. 
 A walking manikin pose influenced the vortex shedding. Uplifted heels 
induced upwash flow behind the feet and ascended the residual wake 
after the manikin came to a stop. The result suggests a swinging arm 
 
  
Figure 7.10 Flow separation angle profile across the top of the head for (a) the 
slim body and (b) the larger body 
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and leg motion would cause greater upwash flow at the feet and hand 
compared to a commonly adopted rigid body model.  
 The wake flow that formed behind the manikin continued to travel un-
der its own momentum and pass the manikin when it had stopped 
moving. The smoke moved upwards and surrounded the head, regard-
less of where the smoke was generated, e.g. from the head, shoulder or 
the back of the body. This suggests enhanced exposure to contami-
nants since more airflow is moving into the inhalation zone when man-
ikin came to a stop. 
 During the motion, quantitative data was analysed such as the separa-
tion angle from the manikin head, and vortex shedding frequency 
which can be used as validation of computational modelling.  
In the experiments, manikins came out from the holding chamber and entered 
the main chamber through a sliding door. Flow entrainment effects from open-
ing the sliding door on the manikin flow field were minimal. We found that 
the manikin moving at 0.95 m/s dominated any residual flow entrainment 
from the sliding door. Furthermore, smoke visualisation did not occur until 
further downstream away from the sliding door due to the manikin speed, and 
the results shown in this chapter started from t = 0.3s, which would fully ex-
clude the potential impact of the operation of the sliding door. 
The smoke visualisation was designed to create a new technique that can sup-
plement hot-wire and PIV measurements. It is most suited for small-scale stud-
ies for visualising the flow structures when an object itself moves through still 
air. To observe the flow effects from specific isolated points and visualise the 
subsequent mixing that occurs in its wake. However, the thermal condition of 
the human body was not considered in the experimental setup, thus the air-
flow pattern observed in the smoke visualisation did not reflect the realistic 
interaction between the human thermal plume and the human wake flow. An-
other major limitation is achieving dynamic similarity between large-scale 
models and the actual experiment used. Our results were 1/5th scaled in di-
mensions but maintained the highest walking speed of 0.95 m/s; thus, the 
Reynolds number matching was 1/5th of the dynamic similarity. In the near 
future, a larger scale model will be used to achieve larger Reynolds numbers.  
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CFD Modelling of Three Moving 
Manikin Models 
The main findings of this chapter have been published in: 
 Tao, Y., Inthavong, K., Petersen, P., Mohanarangam, K., Yang, W., Tu, 
J. Y. (2018).  Vortex structures, and wake flow analysis from moving 
manikin models. Building Simulation, submitted.  
 
 Tao, Y., Inthavong, K., Petersen, P., Mohanarangam, K., Yang, W., Tu, 
J. Y. (2018). Numerical Simulation and experimental validation of wake 
flows induced by moving manikins. COBEE2018 – the 4th international 
Conference on Building Energy & Environment, 5-9 Feb, Melbourne, 
Australia  
 
Vortex shedding in the wake flow generated by moving bodies influence pol-
lutant dispersion in indoor environments. In this study, three scaled models 
1/5th of realistic size were used, including two body shapes (thin and wide) and 
two body poses (standing and walking). The airflow from moving bodies was 
simulated using computational fluid dynamics (CFD) with dynamic meshing 
to account for the manikin movement. Experimental data from a smoke visu-
alisation technique was used to provide validation data for computational sim-
ulations. Flow separation angle over the head was computed through image 
processing, which found separation points shifting from the back of the head 
to the front as the velocity decreased. The vortex structures were visualised 
using an omega vortex identification method and was compared with experi-
mental visualisations. The location and main patterns of the vortex structures 
matched with the smoke visualisation, which can help identify the transport 
of pollutants from and around the body during walking and coming to a stop. 
Results showed that larger bodied manikins had a longer time of airflow sur-
rounding the breathing region after the motion came to a stop, and thinner 
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bodied manikins have reduced time of exposure to airborne contaminants af-
ter re-dispersion caused by the motion. 
 Introduction 
Flow induced by moving human bodies experiences boundary layer separation, 
producing vortex shedding in the wake region. The regular vortex patterns in 
the wake redistribute airborne pollutants in many indoor environments such 
as manufacturing, hospital wards, clean rooms and airline cabins raising res-
piratory health concerns of occupant exposure (Anthony and Flynn, 2006, 
Inthavong et al., 2009, Inthavong et al., 2013b, Ferro et al., 2004, Tao et al., 2016, 
Gao et al., 2012).  
Vortex shedding in the wake has shown to influence pollutant dispersion and 
caused complex behaviour due to advection and turbulent diffusion 
(Tominaga and Stathopoulos, 2013). For example, Edge et al. (2005) found in-
creased spreading of pollutants attributed to combined effects of the left-right 
vortex shedding and the downwash effect from the wake coming from a sta-
tionary human body. Khare and Marr (2014) demonstrated particle re-suspen-
sion/dispersion occurring from the floor induced by the wake produced during 
human walking. Similar fluid-particle behaviour of airflow over bluff bodies 
were found in street canyons where wind moving over a building generated a 
trailing vortex, and pollutant dispersion was perturbed by the vortices in the 
wake flow of the buildings (Park et al., 2015, Tsai and Chen, 2004). These stud-
ies suggest unsteady vortices in the wake region over bluff bodies are a key 
factor in influencing pollutant transport. 
To address the influence of vortices produced by human activity, experimental 
and Computational Fluid Dynamics (CFD) studies have investigated the fluid 
dynamics of human wake flow and its impact on the transport of indoor pol-
lutants. Early experimental studies (Kulmala et al., 1996b, Kim and Flynn, 1991) 
used a manikin installed in an open-ended wind tunnel, and tracer gases were 
released from different locations to visualise the boundary layer separation, 
and the size and location of the wake region. CFD studies (Edge et al., 2005, 
Murakami et al., 1999, Hayashi et al., 2002, Ge et al., 2013, Se et al., 2010) ex-
plored the unsteady wake regions from a human body and the subsequent 
transport of pollutants. However, many earlier experimental and CFD studies 
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used stationary human models which ignores flow separation at the feet and 
neglects flow unsteadiness caused by the manikin motion. This leads to the 
near wake flow characteristics during walking being only partially repre-
sented. Furthermore, simplified geometries such as vertical finite cylinders 
and cuboids have been used as substitutes for human bodies (Poussou et al., 
2010, Thatcher et al., 2004), and this also leads to discrepancies between real-
istic and cylindrical geometries (Edge et al., 2005, Tao et al., 2017a, Tao et al., 
2017b). 
Consequently, in recent years a growing number of experimental and compu-
tational studies have focused on the effects of human activity on the wake 
dynamics. Han et al. (2014) used a full-scale thermal manikin and measured 
the dynamic airflow with hot-wire anemometers. They noted the limitation of 
the method was that measurements were taken at a point (from the probe sen-
sor) and thus unable to obtain comprehensive information of the whole flow 
field. Poussou et al. (2010) conducted small-scale Particle Image Velocimetry 
(PIV) and Planar Laser Induced Fluorescence (PLIF) measurements to qualita-
tively capture the wake flow from a moving block and pollutant transport in-
side an airline cabin. Saarinen et al. (2018) conducted a Large-Eddy Simulation 
as well as a smoke visualisation of contaminant transport between hospital 
isolation rooms, and offered qualitative comparisons of vortex shedding 
induced by occupant motion and operation of doors. Luo et al. (2017) con-
ducted PIV measurements on a small-scale cabin with a moving manikin, and 
observed flow patterns such as symmetric eddies, an upward vortex and a 
strong downwash in the wake flow along the vertical centre plane. Computa-
tional studies also observed similar wake flow patterns and vortices in the 
wake region causing significant dispersion of pollutants (Brohus et al., 2006, 
Oberoi et al., 2010, Tao et al., 2017a), particularly some achieved the realistic 
motion with swinging limbs (Choi and Edwards, 2012, Choi and Edwards, 2008, 
Hang et al., 2014, Tao et al., 2017a).  
To visualise the vortex structures inside the wake, the vorticity parameter, 
using the q-criterion or λ2 methods, has been widely used to depict the vortex 
dynamics or to identify vortex cores in the wake region (Edge et al., 2005, Choi 
and Edwards, 2012, Poussou and Plesniak, 2012). However, this method can be 
difficult to accurately distinguish the actual rotational motion of the vortex 
(Kolář, 2007). The selection of the vorticity value in either the q-criterion or λ2 
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methods for vortex identification lacks a clear physical meaning. Additionally, 
inappropriate values can lead to strong vortices being captured while weak 
ones are skipped. Moin and Kim (2006) suggest that it is only suitable for vor-
tex visualisation, and that it cannot identify the accurate positions and regions 
of the vortices. In this paper we use an omega vortex identification method 
proposed by Liu et al. (2016) which is based on a physical meaning of its omega 
criterion.  
To validate the computational results of flow separation and visualisation of 
the wake, a smoke flow visualisation technique (Inthavong et al., 2017) was 
performed on a dynamic model to provide qualitative understanding of the 
gross flow field. Recent studies have demonstrated the ability of smoke visu-
alisation to capture separation points, reattachment points, and vortex shed-
ding phenomena (Sohankar et al., 2015). Moreover, with high speed photog-
raphy and image processing, quantitative data was extracted for validating 
CFD simulation data of moving human subjects/manikins.  
The objective of this study was to present a computational investigation of the 
wake flow induced by a moving human manikin. Computational modelling 
using the dynamic mesh method was performed to simulate the fluid dynamics 
of moving manikins through an indoor space. To identify how the wake flow 
from moving manikins affected pollutant transport in the near body region, a 
vortex identification method was used to visualise the vortex structure gener-
ated by the moving body. Experimental visualisation data from Chapter 7 
(published in (Tao et al., 2018)) was used to validate the computational mod-
elling method through qualitative and quantitative.  
 Method 
 Computational Models 
The computational domain replicated the smoke visualisation experiments 
published in Tao et al. (2018). The experiment used a 1/5th scaled model in an 
indoor room with dimensions of 0.8m (x-coordinate) × 1.1m (y-coordinate) × 
0.6m (z-coordinate), and three manikins (a slim manikin in standing pose, 
model #1, the same slim manikin in walking pose, model #2 and a larger bodied 
manikin in standing gesture, model #3) were mounted onto a rack-and-pinion 
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travelator that moved the manikin from a holding chamber through a sliding 
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door and across the floor of the test chamber. Smoke was visualised from light 
reflecting off the opaque amine salts that were formed as the by-product of 
the chemical reaction between the cyclohexylamine and acetic acid. The set-
tling velocity of the amine salt particles is extremely low and therefore are 
ideal as a tracer gas. 
The computational domain had the same dimensions of 0.8m (x-coordinate) × 
1.3m (y-coordinate) × 0.6m (z-coordinate) except with an extra 0.2m extension 
in the y-coordinate to allow a structured grid between the manikin and the 
rear wall during the dynamic meshing (Figure 8.1). The manikins were centred 
laterally in the domain and offset inside the y-coordinate by 0.2m and moved 
with the same velocity profile as the experiment tests. The mesh of the com-
putational domain was generated using the software ANSYS ICEM. The man-
ikin surface was created with unstructured tetrahedral cells and 10 prism layer 
cells with a grid spacing of 1×10-4m with y+ < 5 (for boundary layer separation), 
while the external room contained structured hexahedral cells (Figure 8.1b). 
For the dynamic meshing the domain used layering mesh method at each time 
step updating the moving manikin position.  
A grid independence study was conducted by consecutively reducing individ-
ual cell spacing by a factor of 1.3. We started with a grid of 1.1 million and 
subsequent grids of 2.0 million, 4.3 million, and 8.3 million were created. Ve-
locity profiles along a horizontal and vertical line behind the manikin showed 
convergence between mesh size 4.3 million and 8.3 million. For computational 
efficiency and accuracy, the 4.3-million model was chosen for the remainder 
of this chapter.  
Detailed dimensions of the two body types (slim and large bodies) are given 
in Figure 7.1. The aspect ratio (defined as the ratio of the body height to the 
body width) is 3.1 for the slim body and 2.1 for the wide body. These dimen-
sions quantify the shape and size of the body which influences flow dynamics 
and provides analysis for local Reynolds numbers and describing separation 
points.  
 Velocity Profiles 
The distance travelled by the manikin as a function of time was averaged over 
multiple runs from the experiment (Tao et al., 2018) and is shown in Figure 
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7.2a. The manikin started from rest inside the holding chamber and acceler-
ated to 0.95m/s. Several points were chosen to represent the velocity profile of 
the manikin in the CFD simulations (CFD sample points in Figure 7.2b). 
 Fluid Modelling 
Numerical simulations were carried out using the commercial CFD software 
ANSYS Fluent. The manikin motion was achieved by the layering dynamic 
mesh method, by using which the grids split or collapse at the wall boundaries 
in this case. For a general scalar 𝜙 on an arbitrary control volume V with a 
moving boundary, the integral form of the conservation equation is given as: 
𝜕
𝜕𝑡
න 𝜌𝜙𝑑𝑉
௏
+ න 𝜌𝜙൫𝑢ሬ⃑ − 𝑢ሬ⃑ ௚൯ ∙ 𝑑𝑨
డ௏
= න 𝛤𝛻𝜙 ∙ 𝑑𝑨
డ௏
+ න 𝑆థ𝑑𝑉
௏
 (7.1) 
where, 𝜙 represents a scalar, ρ is the fluid density, 𝑢ሬ⃑  is the flow velocity vector; 
𝑢ሬ⃑ ௚ is the grid velocity of the moving mesh, 𝑨 is the boundary of the control 
volume V, Γ is the diffusion coefficient, Sϕ is the source term.  
The realistic manikin exhibited an irregular shape, and flow separation across 
different sections of the body can be considered locally. If we consider hori-
zontal separation at the waist (hydraulic diameter Dh = 0.047 m), and head (Dh 
= 0.029 m) for the slim body, then the resulting Reynolds number at peak ve-
locity of 0.95m/s are 3206, and 1972. External flow over cylinders exhibit tur-
bulence for Re > 20,000 suggesting that a laminar flow model could be feasible 
for capturing the flow separation from the moving manikin. However, the mo-
tion-induced wake by the anthropomorphic geometry might exhibit more 
complex airflow behaviours. Thus, the RNG k- turbulence model was also 
employed to give comparisons, based on cases related to human activities in 
indoor environments (Poussou et al., 2010, Wu and Gao, 2014, Hang et al., 2014, 
Mazumdar et al., 2011). Prism layers were created on the manikin model pro-
ducing y+ < 5, and the enhanced wall function was used for the near-wall 
treatment. 
To solve the equations, the SIMPLE algorithm was adopted to couple the pres-
sure and velocity field in the RANS equations. Second-order discretization 
scheme was employed to solve convection and diffusion terms for flow varia-
bles. A transient flow simulation was performed with a time step size of ∆t = 
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Thermal manikin conditions were not considered, according to the findings 
from Wu and Gao (2014), Oh and Kato (2018) that when an on-coming wind 
begins to appear at 0.2 m/s, the wind penetrates the thermal boundary layer 
leading to collapse of the rising plume. When the freestream velocity becomes 
larger than 0.4 m/s for a 1:1 scaled human body, the wake flow dominates the 
thermal plume and the micro airflow/environment near the body. Visualisa-
tion and comparisons of airflow interaction between the wake and thermal 
plume confirm the dominant effect of the freestream velocity during walking 
motion (Tao et al., 2017b). 
An increase of wind velocity or walking speed increases heat transfer rates, 
and possibly thermal comfort, while the thermal plume effect on the 
freestream flow will be less effective. As the focus of this study was mainly on 
the wake structure, and that the velocities are greater than 0.2m/s, we used 
iso-thermal conditions of the manikins as a reasonable simplification for our 
experiments and CFD simulations. 
 Vortex Identification Method 
The omega vortex identification method proposed by Liu et al. (2016) was ap-
plied to capture the vortex structures from the numerical simulations. Com-
pared to the λ2 and Q-criterion methods, the new omega vortex identification 
method proposed a physical representation of Ω where a vortex is formed 
when the vorticity is strong and deformation is weak. The Ω vortex identifi-
cation method is derived by splitting the vorticity into a vortical and non-vor-
tical component as:  
𝛻𝑉 = 𝐴 + 𝐵 =  
1
2
(𝛻𝑉 + 𝛻𝑉்) + 
1
2
(𝛻𝑉 − 𝛻𝑉்) (7.2) 
where ∇V is velocity gradient tensor, A is the strain rate tensor/deformation 
and B is the rotation rate tensor/whole vorticity. The square of Frobenius norm 
of A and B is then introduced as: 
𝑎 = 𝑡𝑟𝑎𝑐𝑒 (𝐴்𝐴) =  ෍ ෍൫𝐴௜,௝൯
ଶ
ଷ
௝ୀଵ
ଷ
௜ୀଵ
 (7.3) 
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𝑏 = 𝑡𝑟𝑎𝑐𝑒 (𝐵்𝐵) =  ෍ ෍൫𝐵௜,௝൯
ଶ
ଷ
௝ୀଵ
ଷ
௜ୀଵ
 (7.4) 
The ratio Ω is defined as: 
𝛺 =  
𝑏
𝑎 + 𝑏
 (7.5) 
According to Liu et al. (2016)’s study, the physical meaning of Ω is its repre-
sentation of when the vorticity overtakes its deformation, thus a value of 
Ω=0.52 was found to properly defined the vortex, although a small change of 
Ω to 0.51 or 0.53 might also be appropriate. This value was demonstrated on 
boundary layer transition and a micro-vortex generator. Within this small 
range, the identified vortical structures are insensitive to the change in Ω, alt-
hough some minor structures vanish as Ω increases beyond the range. In this 
chapter the Ω value from 0.5 to 0.8 were tested and the value of Ω = 0.52 was 
confirmed appropriate to represent the vortex structures in our cases. 
 Results 
 Validation - Separation Angle from the Head 
Flow separation off the head was analysed in (Tao et al., 2018) through an 
image-processing algorithm in Matlab using threshold segmentation 
(Inthavong et al., 2012, Fung et al., 2013) to identify the separation angle across 
the top of the head (Figure 8.2). A semi-circle was fitted around the top half of 
the head at eye-level so that an angle from the front of the head could be cal-
culated (Figure 8.2b). The separation points from CFD simulation results were 
  
Figure 8.2 The head with a white image mask; (b) the angle started from the 
forehead (Tao et al., 2018) and (c) the surface streamlines on the head in the 
CFD simulation shows the location of separation. 
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found at the lowest shear stress value at the same location – the centreline of 
the head surface. Visualisation of surface streamlines also confirmed the loca-
tion of separation points. 
The separation angle profile obtained from the smoke visualisation and CFD 
simulations over time is shown in Figure 8.3. During constant velocity (t = 0.0s 
to 0.6s), the separation angle from the smoke visualisation was approximately 
110° for both the slim body and larger body (Figure 8.3a and b). During decel-
eration (t = 0.60s to 1.1s), the separation point moved forwards to the front of 
the head and significantly earlier than 90°. As the manikin motion decelerated, 
the flow switched directions from oncoming to a reversed flow, and the trail-
ing wake moved into the back of the head. Before a complete stop, the sepa-
ration angle moved to 70°. After the manikin came to a stop, the separation 
angles were not captured as the images showed that the smoke turned into a 
plume and concentrated around the top of the head and rising. No clear stag-
nation point or developing boundary layer at either side of the smoke plume 
was found and therefore, the separation angle was not applicable. 
The angle predicted by the laminar CFD simulation produced a similar trend 
with the experimental result. During the constant peak velocity, the CFD pre-
dicted an average separation angle of 130° for both slim body and larger body. 
When the deceleration started (from t = 0.6s), the separation moved earlier and 
the angle was 60° ~ 70° at t = 0.9s. The error between the laminar simulation 
results and experimental results were up to 18%. When using the RNG k- 
 
 
Figure 8.3 (a) Flow separation angle profile across the top of the head of (a) 
the slim body (experimental test ran for 4 times) and (b) the larger body (ex-
perimental tests ran for 3 times). 
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turbulence model, the predicted separation angle deviated more from the ex-
perimental results, especially when the manikin stopped moving. This may be 
due to excessive variation of dissipation from the walls that led to the inaccu-
rate prediction of the development of turbulence. Therefore, the results from 
simulations using the laminar model are analysed in the following sections.  
The agreement in separation angle trending profile from the head between the 
smoke visualisation and the laminar CFD simulations showed the computa-
tional method used for the models can reflect the flow characteristics caused 
by separation. 
Figure 8.4 Vortex structures featured with streamlines downstream the mani-
kins at t = 0.6s (peak velocity) in three-dimensional view and top view for (a) 
the slim body, (b) the larger body, and (c) a time-averaged flow topology for 
flow over a cylinder investigated by (Octavian et al., 2011)  
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 3D View of Vortex Structures  
Figure 8.4 shows vortices behind (a) the slim body and (b) the larger body, at t 
= 0.6s (peak velocity) in a three-dimensional view and a top view, and com-
pared with a time-averaged flow topology (artificial structures) for (c) flow 
over a cylinder investigated by (Octavian et al., 2011). For a cylinder, charac-
teristic flow features in the wake include boundary layer separation, shear 
layer instability and the subsequent vortex formation; and these are strongly 
affected by downwash effects from the flow over the top free end (Octavian et 
al., 2011).  
Comparably, when the manikins moved through a stagnant environment, vor-
tices were formed behind the body, characterised featured by a recirculation 
vortex on the top of the head, separation from the side of the bodies, and the 
arch vortex detaching off the moving bodies. The arch vortex behind a slim 
body is clearly defined with a coherent structure which detached periodically 
(in Figure 8.4a), whereas the arch vortex behind the larger body (Figure 8.4b) 
was more immersed within the near wake of the body, which exhibited a 
larger amount of vortices attaching to the near body region during walking.   
 Wake Vortex Structures of the Slim Body 
Figure 8.5 compared smoke visualisation (Tao et al., 2018) and the three-di-
mensional iso-surfaces of Ω = 0.52 (coloured by velocity magnitude) in the 
wake of the moving slim manikin. In the smoke visualisation, the cyclohexyl-
amine was dabbed on locations on the body (the head, the thigh and the knee) 
thus reflected local wake flow structures, whereas the computational simula-
tion presented all vortex structures generated by the motion. 
At the beginning of the motion with constant velocity of 0.95 m/s (t = 0.2s to 
0.6s), the separation over the head occurred at the back and vortices formed 
downstream at shoulder height. Smoke generated from the thigh and knee, 
formed mixed vortices behind the buttocks and the knees with a distinct shed-
ding pattern. Similar patterns were observed in the computational results, 
where behind the torso the main structure showed two strong arch vortices 
forming behind the arms oscillating during the motion. As the manikin moved 
forward, the arch vortices stretched downstream, detached from the near 
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wake, and new arch vortices formed in its place, while old ones dissipated. 
Behind the lower body, the vortices were weak and was disturbed by the flow 
generated from slimmer cylindrical shaped legs.  
During deceleration (t = 0.6-1.0s), the reduced momentum resulted in earlier 
separation from the head, and airflow started to recirculate higher behind the 
 
Figure 8.5 Comparisons of vortex structures from smoke visualisation and com-
putational simulations (Ω = 0.52 and coloured by velocity magnitude (v) from t 
= 0.2s to 0.6s (under constant peak velocity), t = 0.7s to 0.9s (deceleration) and t = 
1.0s to 1.8s (stationary) 
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head. Moreover, a detachment in the wake was observed in both smoke visu-
alisations and simulations. In the smoke visualisations it was shown by the 
residual smoke detaching from the moving manikin. In the simulation, the 
large vortex structures detached from the body and there was a gap between 
the near-body wake and the downstream wake. The change in wake structure 
reflects the ability to transport pollutants. If pollutants were generated from 
the body at a constant rate and carried by the motion, smaller arch vortices 
during deceleration would trap more pollutants around the body and transport 
less downstream.  
After the manikin stopped (t = 1.0–1.8s), a part of the smoke propagated to the 
front of the body and was pushed upwards over the head and surrounded the 
head/breathing zone for almost as long as the moving duration. During that 
time most of the smoke was pushed forward by the momentum in the residual 
wake and plume which was ascending due to the circulation over the head. 
 Wake Vortex Structures of the Larger Body 
Figure 8.6 shows the wake flow for the larger body where more vortices were 
found near the ground in the wake region compared to the slim body. For the 
larger body, arch vortices shifted from the middle of the back to behind the 
lower body during walking and deceleration (0.2 to 1.0s). The arch vortices 
behind the body didn’t stretch as far as that of the slim body as they shifted 
downwards and more were interrupted by the vortices from the lower body. 
There was increased mixing of vortices close to the ground thus the detach-
ment of the wake during the deceleration was less distinct compared to that 
of the slim body. 
When the larger manikin stopped, the residual wake pushed the smoke for-
ward and upwards. Since the vortex shedding with high velocities behind the 
larger body occurred at a lower height, the residual wake also passed forward 
almost below the chest. However, from t = 1.4s to 1.8s, the ascending smoke 
around the head of the larger body kept arising whereas that of the slim body 
already dissipated at the same time. Although the bulk of vortex shedding be-
hind the larger body distributed at a lower height, the part of residual wake 
that passed towards the head tend to engulf the breathing zone for a longer 
time. The vortex structures from CFD matched reasonably well with the 
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smoke visualisation, which validated the computational method in its ability 
to capture the location and vortex patterns.   
 Transient Flow Behaviour - Slim vs Larger Bodies 
Figure 8.7a shows the velocity magnitude contours induced by the slim body 
and the larger body in the mid-plane. The region of highest velocities differed 
 
Figure 8.6 Comparisons of vortex structures from smoke visualisation and com-
putational simulations (Ω = 0.52 and coloured by velocity magnitude (v) from t 
= 0.2s to 0.6s (under constant peak velocity), t = 0.7s to 0.9s (deceleration) and t 
= 1.0s to 1.8s (stationary) 
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between the two bodies due to the different aspect ratio (h/D) value. The slim 
body (h/D = 3) had high velocity from the buttock to the shoulder while the 
larger body (h/D = 2) had a larger area of high velocity region from the thigh 
to the shoulder. 
During constant peak velocity (0.2s – 0.6s), the slim body had strong airflow 
tightly following the body, while the larger body had strong airflow detached 
a little away from the body and extended further downstream. During decel-
eration (0.6s – 1.0s), the reduced momentum influenced peak velocities behind 
the back, but the size of the wake region didn’t shrink immediately. Particu-
larly behind the larger body, the high velocity region shifted towards the 
ground rather than dissipating locally as found for the slim body. From decel-
eration to stationary, the wake behind the larger manikin dissipated slower 
than the slim body, and most of the airflow behind the larger body went towar、
ds the ground.  
 
Figure 8.7 (a) Velocity magnitude (v) and vectors at the mid-plane of the slim 
body and the larger body (b) vertical velocity component (uz) and vectors on the 
mid-plane of the slim body and the larger body at t = 0.2s, 0.6s, 0.8s and 1.0s 
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Comparison of the vertical velocity component uz in the mid-plane (Figure 
8.7b), showed a dominating downward velocity component behind the larger 
body. For the slim body, the airflow was balanced by downwash from the head 
and upwash behind the back and from the gap between the legs, whereas the 
larger body produced a dominant downwash flow over a large region pushing 
the wake towards the ground. 
The velocity magnitude and the vertical velocity (uz) at t = 0.5s (constant peak 
velocity) were taken at vertical lines (height from z/h = 0 to 1.6) on the mid-
plane behind the body with distances of y/h = 0.01, y/h = 0.3, y/h = 0.6 and y/h 
=0.9. Comparisons were made between the slim body and the larger body (Fig-
ure 8.8). All velocity profiles were similar between the models in the upper 
body from the head to the waist (z/h = 0.6). Differences were found behind the 
legs, where high velocity magnitudes ended quickly behind the torso of the 
slim body due to the counter action from the jet flow between the legs, while 
behind the larger body high velocities shifted towards the back and the ground 
due to the stronger vortices behind the larger body.  
 
 
Figure 8.8 The comparisons of (a) velocity magnitude (v) and (b) the vertical 
velocity component (uz) between the slim body and the larger body at lines 
on the mid-plane behind the body with distances of y/h = 0.01, y/h = 0.3, y/h 
= 0.6 and y/h =0.9 at the peak velocity (t = 0.5s). 
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The vertical velocity component uz close to the bodies (y/h = 0.01) was simi-
larly disturbed. Further downstream (y/h = 0.3, 0.6), the larger body generated 
negative vertical velocity components (i.e. towards the ground) behind the 
legs while the slim body generated upward vertical components at the same 
region. This was also attributed to the gap between the legs, where a counter-
rotating flow was generated and dominated for the slim body, while behind 
the larger body the downwash from the upper body dominated. 
Similarly the velocity magnitudes and the vertical velocity (uz) at t = 0.5s were 
taken at the horizontal lines (x/h =-0.6 to 0.6) on the vertical plane y/h = 0.01 
behind the body at z/h = 0.9 (head), z/h = 0.6 (waist) and z/h = 0.3 (knees) as 
shown in Figure 8.9. The larger body had a width at the waist (101mm) almost 
twice as large as that of the slim body (58mm), which caused the large differ-
ence in velocity fields behind the body. If we consider the half-velocity widths 
(region with velocities higher than the ½ maximum velocity along the same 
line), then the larger body has a region that is almost double that of the slim 
body, i.e. in the span-wise direction the velocity distribution was proportional 
to the shape (frontal widths) of the bodies.  
When the manikin stopped moving (from t = 1.0s), the residual wake propa-
gated forwards through gaps and over the body. Figure 8.10 compared the ve-
locity magnitudes and vertical velocity component along the vertical line close 
to, and in front of the manikins at t = 1.0s, 1.4s and 1.8s. The larger body gen-
erated stronger airflow in front of the lower body (Figure 8.10a), and slightly 
stronger upwash flow in front of the upper body (Figure 8.10b) compared to 
the slim body.  
Over time, the residual wake from the slim body dissipated as the velocity field 
started to diminish from 1.4s, while for the larger body there was continued 
increase in the velocity field between 1.4s to 1.8s. This was due to relatively 
smaller passages of unobstructed airflow due to the larger torso blocking the 
flow, and stronger turbulent flow in the wake region due to the larger body 
size. This indicated that when a larger body came to a stop, this resulted in a 
stronger flow field in front of the body for a longer time, and a longer period 
of upward airflow towards the head which increased the potential for inhala-
tion exposure. 
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 Transient Flow Behaviour - Standing vs Walking Bod-
ies 
The comparisons of vertical velocity component (uz) contours and vectors of 
the slim body in the standing and walking poses were made at the plane across 
the left leg (in a stance phase) (Figure 8.11a) and the right leg (in a swing phase) 
(Figure 8.11b).  
At the left leg (Figure 8.11a), strong downward flow was generated closely 
behind the leg in the standing pose, whereas in the walking pose the left leg 
generated a continuously upwash and weaker downward flow behind the legs 
during the motion. When it decelerated from t = 0.6s to 1.0s, the circulation 
 
 
Figure 8.10 The comparisons of (a) velocity magnitude (v) and (b) vertical ve-
locity (uz) between the slim body and the larger body at the vertical line in 
front of the body at t = 1.0s, 1.4s and 1.8s. 
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behind the upper body in the standing pose was stronger with higher velocity 
components than in the walking pose, while at the lower body the walking 
pose had larger region with stronger upwash and weaker downwash on the 
left side. At the right leg (Figure 8.11b), the lifting of the right leg in the walk-
ing pose (swinging phase) contributed to less downwash in front of the leg 
and stronger upwash downstream the lower body than the standing pose dur-
ing motion. When it decelerated from t = 0.6s to 1.0s, the flow field around the 
lifted right leg diminished quickly due to larger space between the legs. 
The posture change came with varied angle between the heel and the ground 
and enlarged gap between legs. The results had suggested the phases of gait 
cycle exerts influences on the wake flow field. The posture of walking phases 
would potentially induce more contaminates from the floor to suspend when 
heels were lifting from the floor during the walking under the constant veloc-
ity. As the stance and swinging movement occupies most of the time during 
the gait cycle of human walking, the influence of realistic walking of 
 
 
Figure 8.11 Vertical velocity component and vectors of the slim body in stand-
ing pose and walking pose at the plane across (a) the left leg and (b) the right 
leg at t = 0.2s, 0.6s, 1.0s, 1.0s. 
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occupants would exert manifest influences on contaminant transport compar-
ing to models without swinging motion. 
 Conclusion  
Unsteady CFD simulations using dynamic mesh method was applied for three 
different manikin models. Qualitative insight into the wake formation and 
vortex structures during the manikin motion were presented. The key points 
are summarised as follows: 
 During the motion, the separation angle from the manikin head were 
quantified from computational simulations at the same locations as in 
the smoke visualisations. The comparisons showed reasonable agree-
ment from the laminar model on the shift of angles due to the change 
in moving speeds. 
 In the smoke visualisation, observations over time showed the entrain-
ment of smoke particles into the wake flow and followed the move-
ment of the body. This matched with the visualisation of vortex struc-
tures from the simulations in terms of the size and locations of the ma-
jor patterns.  
 The characteristic arch vortices in the wake region transported the 
smoke/pollutant downstream to the far wake. The reduction of walk-
ing speed shrunk the size of arch vortices thus hindered the spread of 
smoke/pollutants. 
 Vortices generated by a larger body were larger and active closer to 
the ground due to a smaller aspect ratio, which was consistent with the 
findings of cylinders that the vortex size appeared to be a function of 
aspect ratio, with larger vortex and weaker upwash from the ground 
occurring for the smaller aspect ratio.  
 When manikins stopped walking, the residual wake pushed the 
smoke/pollutants to surround the head for a longer time. Although the 
larger body had vortex structures shifting towards the ground which 
helped to keep the potential transport of pollutants at a lower height, 
the bigger blockage from the larger body had caused the smoke/pollu-
tant to ascend around the head for a longer time.  
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 The CFD modelling revealed details of the flow field and provided rea-
sonably good agreement to the experimental observations in terms of 
the separation points and the vortex structures in the wake region. The 
experimental and numerical study provided meaningful data for stud-
ying the transient moving effects of an object on wake flow develop-
ment. 
In this chapter, the thermal condition of the human body was not consid-
ered, thus the airflow pattern observed in the smoke visualisation and CFD 
simulations did not reflect the realistic interaction between the thermal 
plume and the wake flow. The thermal plume was considered to have mi-
nor influence on the wake flow structures, and iso-thermal conditions 
were considered capable of revealing the significant patterns of motion-
induced wake.  
Another major limitation is achieving dynamic similarity between large-
scale models and the actual experiment used. Our results were 1/5th scaled 
in dimensions but maintained the highest walking speed of 0.95 m/s; thus, 
the Reynolds number matching was 1/5th of the dynamic similarity. Sec-
ondly, despite that the walking time of 2s in the experiment which is 
equivalent to scaled-up walking distance of 3.83m These limitations pre-
sent challenges for future studies were larger scaled up models, and cham-
bers can be used to address these issues. 
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Conclusion 
The motion-induced wake flow and its influence on contaminant transport 
have received increasing attention in recent years due to growing concerns 
about the health effects of occupant exposure to contaminants. This study has 
integrated CFD simulation and experimental measurements to provide more 
fundamental and in-depth analysis to the wake characteristics and induced 
contaminant transport. With developing computational resources, the compli-
cated body geometry, realistic motion types and the transient walking process 
have been analysed and visualised. Moreover, the application of smoke visu-
alisation on moving bodies has been explored as a supplemental way to pro-
vide not only visualisation of the wake structure, but also quantified results 
from image post-processing. In this computational and experimental study, we 
laid a solid foundation to the characteristics of realistic motion-induced wake 
flow and provided an understanding of the eﬀects of body motion on particle 
exposure and indoor air quality. The main contributions from this thesis are: 
(a) The experimental and numerical study provided meaningful data for un-
derstanding the spatial and temporal characteristics of the wake flow devel-
opment of a moving object;  
(b) The smoke visualisation technique on moving anthropomorphic manikins 
reproduced the motion-generated wake. It also provided a new perspective on 
visualisation of the dynamic wake structure;  
(c) The CFD modelling revealed details of the flow field and provided reason-
ably good agreement with the experimental observations in terms of the loca-
tion and main patterns of the vortex structures in the wake region, which can 
help quantify the transport of pollutants from and around the body and predict 
occupant exposure to contaminants;  
 Summary of the Contributions 
The original summary of contributions in each chapter of this thesis are: 
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 Wake Flow Patterns and Particle Dispersion Induced 
by Rigid Body Motion  
Chapter 4 presents unsteady simulations of the wake flow induced by a rigid 
moving manikin in a confined room. Its influence on particle dispersion from 
a local source on the ground was discussed. The simulated flow field showed 
the fundamental flow patterns in the wake region. The airflow induced by the 
lower part of the legs induced an upward trend of airflow, which became the 
major contributor for particles to lift off the ground. The particles on the floors 
were significantly disturbed by the motion induced flow, thereby lifting off 
the ground and dispersing into the ambient air. This chapter provided some 
insight into the flow and particle dynamics. The particle suspension and its 
factor was significantly influenced by the moving manikin. Conclusions aris-
ing from this chapter are as follows: 
 The recirculation region after the free end of the head, an upward flow 
in front of the upper body and a downwash flow at the back where 
highest velocity in the flow field occurs. At the lower part of the body, 
the wake flow gradually became horizontal due to the suppression by 
the airflow from the upper body. 
 A pair of counter-rotating vortices was formed behind the moving 
manikin, one convecting off the head and another protruding from the 
gap of legs and extending downwards in the wake region.  
 The slower walking speed induced less amount of suspension when 
the manikin walked through the same position, but the particles were 
more scattered within the indoor space due to a longer period of inter-
action between the body and particles, thus generating high concen-
tration of particles near the breathing region which would cause haz-
ard inhalation issues. When the manikin walked through more quickly 
within the same distance, more particles lifted off the floor, the disper-
sion was less scattered with particles ascending to a lower height.  
 Comparisons between walking speeds showed a higher walking speed 
was conducive to avoid high particle concentration in the inhalation 
region owing to the instant contact between the body and particles.  
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 When the manikin stopped walking, the residual flow disturbances di-
minished downward and forward. When the manikin stopped moving, 
particles continue to spread into the ambient air and deposit towards 
the lower part of the front body due to the residual ﬂow disturbances, 
and the particle concentration gradually diminished over time.  
 Comparisons of Wake Flow Between Swinging and 
Rigid Motion  
In Chapter 5, the unsteady simulations of the wake flow induced by a moving 
manikin focuses on comparing the discrepancies generated in the flow field 
by simplified geometry, swinging limbs and thermal conditions. The key 
points are summarised as follows: 
 By comparing a cylinder and a manikin with a similar aspect ratio, the 
main discrepancies were found behind the head and legs, where the 
body shape differed most. The wake showed similar patterns behind 
the upper part of the cylinder and the solid torso of the manikin, while 
at the lower region, there were distinct differences due to the air gaps 
from the arms and legs. The results showed the need for using a real-
istic geometry of human for analysing the airflow features of the hu-
man-induced wake.  
 Using the swinging body motion produced a velocity fluctuation cor-
responding to the gait cycle, with peak values 2-4 times larger than the 
airflow velocity induced by the rigid motion in the same areas. The 
main discrepancy occurred in the lower half of the body influenced by 
the swinging legs.  
 Heat transfer effects are negligible on the fluid flow during the walking 
motion of 1.2m/s. However, after the manikin has stopped moving it 
becomes important when considering the wake flow dynamics, espe-
cially in the upper body where thermal plume manifests.  
 Particle Suspension Induced by Realistic Manikin Mo-
tion 
Chapter 6 presents the transient simulations of the wake flow induced by a 
moving thermal manikin with swinging limbs under different walking speeds. 
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Its influence on particle dispersion from the floor was investigated. Particle 
suspension caused by human activity and movement was influenced by the 
stratified airflow characteristics induced by the different body parts and its 
kinematics - the leg swing produced downward airflow in front while upward 
flow in back region, which transports particles toward the upper region during 
walking. However, a higher walking speed produced stronger downward air-
flow in the front of the body, which prevented the suspension of floor particles 
to rise to the upper body regions. The upper body produced upward flow in 
front of the body which caused particles to rise quickly into the breathing zone. 
At the back of the upper body a strong downwash was formed and caused 
particles to almost stick to the back of the body while in the manikin was 
moving. 
The particle concentration comparison showed a higher walking speed pro-
duced less vertical transport of particles in front of the body thus helpful to 
reduce the exposure level to contaminants. While at a lower walking speed at 
0.8m/s, particles were continuously transported to the upper region due to 
more upwards velocities in the wake structure. Additionally, the longer walk-
ing time leads to longer fluid-particle interaction and residence time for parti-
cle exposure. 
This computational analysis of a very realistic moving manikin redispersing 
particles of the ground is a first step to better understand the effects of occu-
pant activity on particle exposure and indoor air quality. As it's a first study 
there remains a caveat on the modelling efforts. This includes the assumption 
the feet not striking ground, thus no impact of foot strike is considered. Parti-
cle source was also limited to the floor region only, and in reality there is 
background airborne particle concentrations. Concentration sources could 
also be localised in one part of a room where a contaminant source may be 
found.  
 Smoke Visualisation of Three Moving Manikin Models  
A smoke visualisation technique is presented in Chapter 7 for visualising a 
moving object through a stagnant environment. With high speed camera and 
image processing techniques to capture the generated smoke tracing the mov-
ing object, qualitative insight into the wake formation and its transformation 
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during the manikin motion were presented. The key points are summarised as 
follows: 
 A larger body shape generated weaker upwash flow located down-
stream of the body and near the ground. This was due to the body’s 
smaller aspect ratio compared to a slim body. If the smoke is considered 
as contaminants originating from the body, there would be less con-
taminants following the larger body as a larger amount remained close 
to the ground behind the body. 
 A walking manikin pose influenced the vortex shedding. Uplifted heels 
induced upwash flow behind the feet and ascended the residual wake 
after the manikin came to a stop. The result suggests a swinging arm 
and leg motion would cause greater upwash flow at the feet and hand 
compared to a commonly adopted rigid body model.  
 The wake flow that formed behind the manikin continued to travel un-
der its own momentum and pass the manikin when it had stopped 
moving. The smoke moved upwards and surrounded the head, regard-
less of where the smoke was generated, e.g. from the head, shoulder or 
the back of the body. This suggests enhanced exposure to contami-
nants since more airflow is moving into the inhalation zone when man-
ikin came to a stop. 
 During the motion, quantitative data was analysed such as the separa-
tion angle from the manikin head, and vortex shedding frequency 
which can be used as validation of computational modelling.  
 
 CFD Modelling of Three Moving Manikin Models 
Unsteady CFD simulations using dynamic mesh method is applied for three 
different manikin models in Chapter 8. The smoke visualisation of moving 
objects through a stagnant environment was used to provide validations for 
the computational study. Qualitative insight into the wake formation and vor-
tex structures during the manikin motion were presented. The key points are 
summarised as follows: 
 During the motion, the separation angle from the manikin head were 
quantified from computational simulations at the same locations as in 
 144 
 
the smoke visualisations. The comparisons showed reasonable agree-
ment from the laminar model on the shift of angles due to the change 
in moving speeds. 
 In the smoke visualisation, observations over time showed the entrain-
ment of smoke particles into the wake flow and followed the move-
ment of the body. This matched with the visualisation of vortex struc-
tures from the simulations in terms of the size and locations of the ma-
jor patterns.  
 The characteristic arch vortices in the wake region transported the 
smoke/pollutant downstream to the far wake. The reduction of walk-
ing speed shrunk the size of arch vortices thus hindered the spread of 
smoke/pollutants. 
 Vortices generated by a larger body were larger and active closer to 
the ground due to a smaller aspect ratio, which was consistent with the 
findings of cylinders that the vortex size appeared to be a function of 
aspect ratio, with larger vortex and weaker upwash from the ground 
occurring for the smaller aspect ratio.  
 When manikins stopped walking, the residual wake pushed the 
smoke/pollutants to surround the head for a longer time. Although the 
larger body had vortex structures shifting towards the ground which 
helped to keep the potential transport of pollutants at a lower height, 
the bigger blockage from the larger body had caused the smoke/pollu-
tant to ascend around the head for a longer time.  
 The CFD modelling revealed details of the flow field and provided rea-
sonably good agreement to the experimental observations in terms of 
the separation points and the vortex structures in the wake region. The 
experimental and numerical study provided meaningful data for stud-
ying the transient moving effects of an object on wake flow develop-
ment. 
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